MONOGRAPHS ON BIOCHEMISTRY 


EDITED BY 

R. H. ADERS PLIMMER, D.Sc. 

AND 

F. a HOPKINS, M.A., M.B,, D.Sc., F.R.S. 


THE NATURE OF ENZYME ACTION. By Sir 
W. M. Bayliss, D.Sc., F,R.S. 

ALCOHOLIC FERMENTATION. By Arthur 
Harden, Ph.D., D.Sc., F.R.S. 6s.6d.net. 

THE CHEMICAL CONSTITUTION OF THE 
PROTEINS. By R. H. Aders Plimmer, D.Sc. 
Part L, Analysis. 

THE PHYSIOLOGY OF PROTEIN METABOLISM. 
By E. P. Cathcart, M.D., D.Sc., F.R.S. 12s. 6d. 
net. 

THE VEGETABLE PROTEINS. By Thomas B. 
Osborne, Ph.D„ Sc.D- 9s. net. 

THE SIMPLE CARBOHYDRATES AND THE 
GLUCOSIDES. By E. Frankland Armstrong, 
D.Sc., Ph.D., F.R.S. 

OXIDATIONS AND REDUCTIONS IN THE 
ANIMAL BODY. By H. D. Dakin, D.Sc., 
FJ.C., F.R.S. 6s. net. 

LECITHIN AND ALLIED SUBSTANCES. THE 
LIPINS. By Hugh Maclean, M.D., D.Sc. 
8s. 6d. net. 

NUCLEIC ACIDS. Their Chemical Properties and 
Physiological Conduct. By Walter Jones, Ph.D. 
gs. net. 

THE CHEMISTRY OF UREA. The Theoiy of its 
Constitution, and of the Origin and Mode of its 
Formation in Living Organisms. By Emil A. 
Werner, M.A., Sc.D., F.I.C. 14s. net. 


LONGMANS, GREEN AND CO.. 

IxHidon, New York, Toronto, Bombay, Calcutta and Madras. 


THE HEXOSES, PExNTOSES, ETC 


95 


Inasmuch as both Irvine’s fructose diacetone and monoacetone are 
very easily hydrolysed by acids it would at first appear that they are 
derived from y-fructose. Both are, however, laevorotatory whereas if 
related to fy-fructose the rotations would be dextro. The formation 
of 6-monomethylfructose, which yields the same phenylosazone as 6- 
monomethylglucose, fixes the position of the free hydroxyl group in 
the diacetone. Very careful hydrolysis yields fructose monoacetone : 
this, when converted into a trimethyl derivative and hydrolysed, forms 
laevorotatory trimethylfructose which possesses a butylene oxide 
structure. This structure must therefore be present in the mono and 
di acetones. 

Irvine has also prepared a totally distinct trimethylfructose mono- 
acetone of the y-series which is dextrorotatory. 

The expression as and trans is used by Irvine to distinguish be- 
tween the linkage between hydroxyl groups on the same or on opposite 
sides of the molecule. In fructose diacetone both types are present : — 



It is not therefore surprising that the two acetone groups are 
eliminated at different rates on hydrolysis, fructose cis monoacetone 
being formed as an intermediate product. In triacetone mannitol 
(p. Ill) there is evidence that the acetone groups are in order transy 
trans ^ cis^ and di- and monoacetone compounds are formed in turn on 
cautious hydrolysis. The most stable acetone residue is attached to a 
terminal primary alcohol group. 

When submitted to the action of ultra-violet rays, solutions of 
fructose are transformed into carbon monoxide and dioxide, formal- 
dehyde, methyl alcohol, and aldehydic and acidic substances ; this is 
said to be the first degradation of fructose which has been effected by 
other than purely chemical or biochemical agency. 

Fructose shows a number of characteristic reactions. Hydrogen 
bromide interacts with fructose in ethereal solution to form bromo- 
1. r CHrqCH^Brk 

methylfurfuraldehyde | \o, a substance which crystallises in 

CH : C(CHO)/ 

golden yellow rhombic prisms; the ethereal liquid is coloured an 
intense purple-red (Fenton and Gostling). A jS-oxy-7-methylfurfural- 
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dehyde is produced on heating concentrated solutions of fructose under 
pressure, preferably with oxalic acid. 

On prolonged boiling with dilute mineral acids, laevulinic acid, 
CH3 . CO . CHg . CHg . COgH, is formed together with formic acid and 
humus substances. 

When oxidised by means of mercuric oxide fructose forms 
glycollic acid, CHgCOH) . COgH, and trihydroxy butyric acid, 
CHgOH . (CH . 0H)2 . CO2H. It is not acted upon by bromine water 
of low concentration : aldoses can be distinguished from ketoses by 
means of this test. Mannitol and sorbitol are formed on reduction 
with sodium amalgam. 

Fructose, like glucose, forms an additive compound with hydrogen 
cyanide which yields fructose carboxylic acid on hydrolysis ; this, when 
boiled with hydriodic acid, is converted into methyl butylacetic acid, 
C4HQ . CHMe . CO2H. This reaction and the behaviour on oxidation 
establish the formula of fructose. 

It has been suggested that the addition of hydrogen cyanide to 
fructose is completely unsymmetrical ; Kiliani has shown that it is more 
probable that two acids are formed simultaneously. 

Fructose forms the same osazone as glucose ; it also forms 
osazones with some disubstituted phenylhydrazines, the primary 
CH2(0H) group being more easily oxidised by these than the 
secondary CH(OH) group in glucose. The methyl phenylosazone is 
characteristic of fructose. 

It is probable that glucose and fructose play distinct parts in meta- 
bolism. Brown and Morris have shown that glucose is mainly con- 
cerned in respiration ; fructose appears to take part more particularly 
in the elaboration of tissue since it is far less stable than glucose. 

In this connection the experiments of Lindet are of particular in- 
terest. Dealing more particularly with yeasts and moulds he adduces 
experimental evidence to prove that fructose is specially concerned in 
tissue formation, glucose being more readily used for fermentation and 
respiration. Yeasts and moulds, for equal weights of sugar consumed, 
show greater growth in fructose and they consume glucose preferen- 
tially from' invert sugar. 

It is stated also that fructose is sometimes found to be assimilated 
by diabetics when glucose is inadmissible. 
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Sorbose. 

OH H OH 

CHoOH . C . C . C . CO . CH.OH 
H OH H 

Sorbose was discovered by Pelouze in 1852 and was isolated from 
the juice of mountain ash berries which had been exposed to the air for 
many months. These berries contain the alcohol sorbitol, which, under 
the influence of an oxidising organism, shown by Emmerling to be 
identical with the bacterium xylinum of Adrian Brown, is oxidised to 
sorbose. The brilliant researches of Bertrand have given a complete 
explanation of the transformation, and have rendered the preparation 
of sorbose a relatively simple matter. It has a marked crystallising 
power, is not fermentable, and generally behaves as fructose; on 
reduction it yields sorbitol and iditol. Lobry de Bruyn has shown 
that under the influence of alkali sorbose is converted into /-gulose, 
/-idose and /-galactose. 

Fischer originally designated it as ^-sorbose because on reduction 
it yields the same sorbitol as ^/-glucose. Both Rosanoff and Hudson 
suggest the name /-sorbose on account of the structural relationship 
to 7-glycerose and /-glucose : their contention is undoubtedly correct. 

a-Methyl-/-sorboside, [aj^ - 88°, obtained by the action of methyl 
alcohol .and hydrochloric acid on /-sorbose, is so named by Hudson to 
fit in with his contention that the a-isomeride of a laevo sugar is the 
more Isevorotatory. 

The antipode ^-sorbose has been prepared by Lobry de Bruyn 
and van Ekenstein by the partial transformation of ^-galactose under 
the influence of dilute alkalies. It has [ajo + 42*9° 

The Pentoses C5H10O5. 

Two pentoses, /-arabinose and ^-xylose, ^ are widely distributed in the 
vegetable kingdom as polysaccharides of high molecular weight, the so- 
called pentosans ; they also occur in complex glucosides, but are never 
found as the simple sugars. Xylose is found in straw, oat hulls and in 
most woods, arabinose in gums ; it is conveniently prepared from cherry 
gum or gum arabic. The (i^isomeride of arabinose can be obtained 
synthetically from d-glucose by the degradation methods indicated in 
the previous chapter. Recently it has been found naturally as a con- 
stituent of the glucoside barbaloin, and described under the name 
aloinose (L6ger). 

In the animal kingdom a pentose is a constituent of the nucleopro- 


^ Hitherto Icnown as Z-xylose. 
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teins and nucleic acids. The nature of this pentose has been a sub- 
ject of controversy ; it is now regarded as ^-ribose and identical with 
the carnose of Levene and Jacobs. The nucleic acids consist of a 
carbohydrate, phosphoric acid, two purine bases and two pyrimidine 
bases. In plant nucleic acids the carbohydrate is ^/-ribose and this is 
also the only pentose of the animal body. Such nucleotides as guanylic 
or inosinic acids consist of phosphoric acids and a purine base united 
by ribose, and they form the corresponding nucleosides consisting of 
ribose and purine base when submitted to neutral hydrolysis at 175° 
under pressure. The nucleosides are glucosides (pentosides) and are 
decomposed by boiling mineral acids. Similar compounds of the 
pyrimidine bases exist. (For further details see the monograph by 
Walter Jones in this series.) 

The carbohydrate group obtained from thymus nucleic acid is 
generally regarded as laevulinic acid, which can be formed by heating 
hexoses with sulphuric acid. It is regarded as of secondary origin 
from a hexose group. Laevulinic acid is obtained uniformly from 
animal nucleic acids but never from plant nucleic acids. The recent 
work of Feulgen makes it very probable that the carbohydrate group 
consists of glucal, CgHj^O^. 

As described later glucosides of carbohydrate and purine have been 
prepared synthetically. 

A pentose appears as an abnormal product in urine in the rare dis- 
ease pentosuria — according to Neuberg this is inactive ^/-arabinose 
(see Garrod, “ Inborn Errors of Metabolism ''). But Zerner regards it 
as /-lyxose or the corresponding xylo-ketose whilst Dakin following 
Raper states that “the sugar in pentosuric urine appears to resemble 
ribose more closely than any other of the known pentoses.^' 

But little is known of the mechanism of the formation of pentoses 
in plants ; they may be formed in the same manner as the hexoses, but 
independently of these, or they may be degradation products of the 
hexoses (cp. p. 59). Xylose and arabinose serve as nutrient to 
yeast and bacteria, but higher plants have no power of utilising them. 

The pentosans are resistant towards alkali and require prolonged 
heating with mineral acids to effect hydrolysis. They are comparable 
with starch and cellulose and contain as a rule both C5 and carbo- 
hydrates. No enzymes are known as yet which hydrolyse them; in- 
asmuch as they are present essentially as skeletal, and not as food 
products in the plants, it is to be expected that they will be outside 
the range of the ordinary plant enzymes. 

Their origin and function in plants has been studied recently by 
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Ravenna, who concludes that the simple sugarS: rfbr^thairthe coniplex 
carbohydrates exert a preponderating influence* on their .’&teation/ 
They can act as a reserve material when the plant has exhausted the 
more readily utilisable food stuffs. In leaves the pentosans increase 
in amount during the day, decrease during the night. They increase 
when the leaves are supplied with glucose, diminish when the action 
of the chlorophyll is prevented and carbohydrate nutriment is 
absent 

The eight possible aldopentoses are given in the following table, 
together with their configuration formulae. The table also contains 
the configuration formula of the remaining lower members of the 
group of monosaccharides, viz. , 4 tetroses and 2 trioses : — 


TABLE X. 


Aldopentoses. 


CHO 

CHO 

CHO 

CHO 

HO 

H 

H 

OH 

H 

OH 

HOI H 

HO 

H 
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OH 

HO 
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H jOH 

HOj 
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OH 

H 

OH 

HOj H 


CHqOH 

Z-Ribose. 

CHO 


Z-Arabinose. 


CHO 

HOIH 

HOlH 

CH2OH 

Z-Erythrose, 


CH2OH 

J-Ribose. 

CHO 


<i-Xyfose. 

CHO 


H 1 
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H i 
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HO 

HOj 

1 H 
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OH 

H j 

OH 

HO 

HO 
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HO 

H 

H i 
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CH3OH 
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:h20H 
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:h.oh 
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Z-L 30 £ 0 se. 


J-Arabinose. 


Aldotetroses. 


CHO 

HIGH 

HOH 

CH2OH 

i-Erythrose. 




CHO 
H lOH 
HO| H 
CHoOH 
Z-Threose 
Unknown. 


Aldotrioses. 


CHO 

HjOH 

CHqOH 

^Z-Glycerose. 


CHO 

HO|H 

CHgOH 

Z-Glycerose. 


CH.OH 

Z-Xylose. 


CHO 

H 

H 

OH 


£Z-Lyxose. 


CHO 
HOI H 
H jOH 
CH2OH 
<rZ-Tbreose. 


The optically active glyceroses (glyceraldehydes) have been syn- 
thesised by WohL The dextrorotatory form has + 13° to 14°. 
By the hydrogen cyanide synthesis it is converted into a trihydroxy- 
butyric acid which yields /-tartaric acid on oxidation : — 


CN CO3H 

CHO CH(OH) CH(OH) 

H(OH HiOH HIGH 

CH^OH CH2OH CH2OH 

iZ-Glycerose. " Trihydroxy 


butyric acii 


CO3 

H 0 |H" 

HjOH 

CO2H 

Z-Tartaric 

acid. 
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Hence the spatial formula of ^f-glycerose is established. 

Since /-tartaric acid is the dicarboxylic acid of iZ-threose the spatial 
relationship of the dextrorotatory glycerose to ^-glucose is also proven. 
Fortunately, as pointed out on page 38, the designation of “d-gly- 
cerose” expresses both its optical activity and spatial relationship to 
^-glucose. 

It remains to convert ^/-glycerose into the corresponding monocar- 
boxylic acid by methods which eliminate all possibility of a Walden 
rearrangement. The formula 

HO 

CH3(0H) . C . CO,H 
H 

at present ascribed to dextrorotatory glyceric acid would indicate it is 
derived from /-glycerose. This configuration is based on its prepara- 
tion from malic acid by Freudenberg. It is supported also by the fact 
established by Frankland, Wharton and Aston that the calcium salt 
and amide of the acid are laevorotatory, indicating by Hudson’s rule 
that the hydroxyl is on the left of the formula, i.e. above the chain 
of carbon atoms. 

The natural pentoses are in reality closely related to the natural 
hexoses. As the formulae below show, the arrangement of the groups 
on the upper four carbon atoms is the same in each case in galactose 
and arabinose, and the same also in glucose as it is in xylose : — 


CHO 
HCOH 
HOCH 
HCOH 
H2OH 

i-Xylose. 


CHO 

HCOH 

HOCH 

HCOH 

I 

HCOH 

CH2OH 
Glucose « 


CHO 

I 

HCOH 

Hoin 

I 

HOCH 

CHjOH 

Z" Arabinose, 


CHO 

HCOH 

HOCH 

HOCH 

HcioH 

cIh^oh 

Galactose. 


In this connection, it is not without interest that some polysaccharides 
yield both xylose and glucose on hydrolysis, whilst arabinose and 
galactose occur together in many gums. 

When the cyanohydrin synthesis is applied to natural /-arabinose a 
mixture of two nitriles is obtained, and the corresponding acids, when 
reduced, give rise to /-glucose and /-mannose ; similarly, ^/- xylose can 
be converted into ^/-gulose and df-idose. ^/-Glucose, when degraded by 
the methods of Ruff or Wohl, gives ^/-arabinose ; ^-galactose forms 
rf-lyxose. The carbon atom which requires to be eliminated in order 
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that (i'-glucose may give rise to the natural ^-xylose, a transformation 
which there is reason to think may take place in the plant, is not the 
one affected by the processes described, but is situated at the extreme 
end of the chain. No chemical means of effecting this change has as 
yet been discovered though the corresponding methylpentose, d-iso- 
rhamnose has been prepared from glucose. 

Arabinose and xylose show the usual aldose reactions. They are 
not fermented by yeasts. Arabinose forms a characteristic, almost 
insoluble, diphenyl hydrazone. Xylose is best recognised by conver- 
sion into xylonic acid, and isolation of this as the cadmium bromide 
double salt. 

The pentoses can be methylated by Irvdne’s method, arabinose 
yielding trimethyl a-methylarabinoside and tri methyl arabinose, whilst 
from rhamnose in addition to the fully methylated derivative, a dimethyl 
compound and the methylrhamnoside corresponding with it are known. 
The behaviour of these compounds is a close parallel to that of the 
methylated hexoses ; xylose in some respects behaves in an anomalous 
manner. For example both the sugar and its trimethyl derivative are 
most readily transformed into furfural, xylonic acid does not form a 
lactone under ordinary conditions, trimethylxylose forms a glucoside 
with acidified methylalcohol with exceptional dfficulty. Carruthers 
and Hirst prepared the trimethyl methylxylosides : on hydrolysis a 
very characteristic crystalline trimethylxylose was obtained from the 
j8-form but none from the a-xyloside. 

The structure of xylose has been studied by Hirst and Purves who 
have investigated the compound obtained on oxidation of the fully 
methylated trimethylmethylxyloside, thereby opening the lactone ring 
and forming a dibasic acid. This compound has been identified with 
a considerable degree of certainty as inactive xylotrimethoxyglutaric 
acid, thereby characterising the methylated xylose as an amylene oxide 
derivative. If it be accepted that no change occurs during methylation 
a similar amylene oxide structure 

CHs . CHOH . CHOH . CHOH . CHOH 


must be assigned to xylose. Such a formula is in harmony with the 
ready transformation to furfural. 

Xylose condenses with acetone and with methylethylketone form- 
ing mono and di-z>{?propylidene and .r^zr-butylidene ethers. According 
to Svanberg and Sjdberg the mono ethers are Isevorotatory, whereas 
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the corresponding di- derivatives are dextrorotatory ; this appears to 
invalidate Irvine’s application of Hudson’s rules. 

Pentoses are determined quantitatively by distillation with hydro- 
chloric acid when furfuraldehyde is formed This is coupled with phloro- 
glucinol, and the condensation product isolated and weighed. The 
colour reactions obtained on heating with orcinol or phloroglucinol and 
hydrochloric acid are very characteristic, and frequently used for de- 
tecting the pentoses. 

Hudson finds that xylose can be very readily prepared from 
cotton-seed hulls with a yield of 8-12 per cent The hulls are ex- 
tracted first with 2 per cent, ammonia and then hydrolysed by boiling 
with 7 per cent sulphuric acid. The filtrate is carefully neutralised 
with calcium hydroxide, made just acid with phosphoric acid and con- 
centrated. The remaining calcium sulphate is precipitated on the 
addition of alcohol and the solution evaporated to a syrup under re- 
duced pressure. This is mixed with alcohol and crystallisation soon 
takes place. 

Hudson, Monroe, and latterly Ling and Nanji have worked out its 
preparation from maize cobs, the yield being 10- 1 2 per cent. 

The Methyl Pentoses. 

Several representatives of this class of carbohydrates have been 
discovered latterly in plants. In them, one of the hydrogen groups of 
the primary alcohol is replaced by methyl. They show most of the 
reactions characteristic of the pentoses, but form methyl furfuraldehyde 
on distillation with acids. 

Their biochemical significance is not yet understood ; they are not 
fermented by yeasts. The configuration of some of them has been 
established by the ordinary methods with the exception of the relative 
positions of the groups attached to the methylated carbon atom which 
remain uncertain in most of them, though for rhamnose and isorham- 
nose this is now established. 

There are sixteen possible stereoisomeric methyl pentoses having 
the same configuration as the aldehexoses on page 34 ; the formulae, so 
far as at present known, are given in the table on opposite page. 

Rhamnose, is a constituent of many glucosides, the best 

known of which are quercitrin and xanthorhamnin, the colouring 
matter of Persian berries. It occurs particularly in combination with 
flavone derivatives. According to Walton a commercial product 
‘Hemon flavin^’ is rich in rhamnose and gives a yield of 20-25 per cent, 
on direct acid hydrolysis. 
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TABLE XL 


CHO 


CHO 


CHO 


H 1 
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HO 
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OH 

HO 1 
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CH, 
Z-Rhamnose. 


CHO 


HO 

H 

H 


H 
OH 
OH 
CH.OH 
CHg 
Fucose. 


CHg 

Unknown. 


H 

HO 

HO 


CHO 
OH 
H 
H 

CH.OH 


CH, 

Rhodeose. 


CH, 

Z-Isorhamnose. 

CHO 
H 
H 
H 

CH.OH 
CH, 

Epirhodeose. 


HO 

HO 

HO 


CHO 
OH 
H 
OH 
OH 
CH, 
ii-Isorhamnose. 

CHO 
H 1 OH 
H OH 
H I OH 
CH.OH 
^ CH, 
Unknown. 


Rhamnose crystallises with a molecule of water the hydrate having 
the composition ; in consequence it was regarded at one time 

as belonging to the hexahydric alcohols and termed "Tsodulcitol."’^ 

Rhamnose forms a phenylosazone and other derivatives similar to 
those of glucose. It exists in a and j8 forms which exhibit mutarota- 
tion. By the cyanohydrin reaction two rhamnohexonic acids are 
formed, one of which yields mucic acid when oxidised. The synthesis 
has been extended to the preparation of rhamnohexose and rhamno- 
heptose. Methyl rhamnoside is not hydrolysed by enzymes. 

In view of the relationship in configuration of rhamnose to /-man- 
nose or /“gulose it must be regarded as /-rhamnose ; it is the methyl 
derivative of the unknown /-lyxose. 

The effect of small differences of structure on chemical behaviour 
is well illustrated in the case of acetobromorhamnose. There is no 
reason to suppose that this is not homogeneous or that it does not 
conform to the butylene oxide type: it crystallises well - 169°. 
Whereas acetobromo-glucose reacts smoothly with methylalcohol in 
the presence of silver carbonate to form only one methylglucoside 
tetraacetate, in the case of rhamnose no less than three different 
methylrhamnoside triacetates are obtained, ail of which again differ 
from the product prepared by acetylating methylrhamnoside derived 
from rhamnose in the ordinary way. Fischer, Bergraann and Rabe 
give the following tentative explanation of what happens. 

The four triacetates are characterised as follows : — 
a = m.p. 87° [a% - 53-5° 

13 - m.p. 152° + 457 ° 

<y = m.p. 85 28° 

g - syrup [ajo + 32°-34° 

The a-triacetate prepared by acetylating methylrhamnoside has 
the normal butylene oxide structure (i) and the same applies to the 
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jS-isomeride, whereas for the 7 and 8 forms the structure of i -3 and i -5 
bridged rings (ii) and (iii) is suggested : — 


• CH . OMe 

HCOAc 

0 HCOAc 

1 CH 

AcOCH 

CH3 

(0 


CH.OMe 
HCOAc 0 

HC i 

AcOCH 

AcOCH 

CHs 

(ii) 


CH . OMe 

HCOAc 
HCOAc 
0 AcOCH 

I CH 

CH3 

(iii) 


It is suggested that primarily one molecule of methylalcohol is 
taken up by the acetobromorhamnose through rupture of the oxide 
ring. In one case hydrogen bromide is immediately eliminated be- 
tween carbon atoms i and 4 with the formation of a butylene oxide- 
(i *4)-triacetate. In others there is a wandering of an acetyl group to the 
4th carbon either from the 3rd or the 5th carbons with the consequence 
that when hydrogen bromide is now eliminated either propylene oxide- 
(i‘3)-triacetate or amylene oxide-(r5)-triacetate is formed. Support 
to this hypothesis is given by the fact that when quinoline is substituted 
for silver carbonate as the acid fixing medium the same mixture but 
in a different quantitative relationship is obtained and further that 
menthol also gives a mixture of menthol rham noside acetates. 

Worthy of mention is the behaviour of 7-methylrhamnoside tri- 
acetate on hydrolysis with alkalies : it only loses two acetyl groups. 
It is considered that the other acetyl is attached to carbon 2 (formula (ii) 
above) and that it is shielded from attack by the ring structure. 

It is of interest as an example of the reverse reaction that triacetyl- 
7-methylrhamnoside is converted by hydrogen bromide in solution in 
acetylbromide and acetic acid into acetobromorhamnose (Eergmann 
and Beck) : the process is therefore accompanied by a structural change 
in the oxygen bridge. 

l-Isorkamnose was obtained by Fischer by heating rhamnonic acid 
with pyridine and reduction of the isorhamnonic acid with sodium 
amalgam. It is the optical antipode of ^-isorhamnose {isorhodeose), 
one of the products of hydrolysis of purgic acid, the amorphous con- 
stituent of the glucoside convolvulin (Votocek). The crystalline con- 
stituent of this glucoside, convolvulinic acid, is hydrolysed to glucose, 
rharanose and rhodeose. This latter is the optical antipode of ficcose, 
which as the polymeride fucosan is a component of the cell-wall of 
many seaweeds. Votocek has converted rhodeose into epirhodeose in 
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the ordinary manner. These compounds and their derivatives have 
been fully described. The configuration of quinovose, known only in 
the glucoside quinovin, has not yet been established ; other methyl 
pentoses have been obtained by the hydrolysis of glucosides, which 
may prove to be new compounds. 

Fischer and Zach have established the configuration of these methyl 
pentoses beyond doubt by the conversion of ^-glucose into ^-isorham- 
nose. Starting from triacetyl methylglucoside bromohydrin, prepared 
from acetodibromoglucose by substitution of methyl for one bromine 
atom (p. 19), the bromine atom was reduced by means of zinc dust 
and acetic acid. The triacetyl derivative obtained yielded a glucoside 
on alkaline hydrolysis from which the methylpentose was finally ob- 
tained on acid hydrolysis. Since no optical inversion can have taken 
place during the transformation, in which no asymmetric carbon atom 
was concerned, <f-isorhamnose must have the same configuration as 
glucose and it is possible to deduce from it the configuration of /-rham- 
nose as that given on the previous page. 

The configuration of fucose first assigned to it by Mayer and 
Tollens has been confirmed by Clark who has prepared the lasvorota- 
tory methyl tetronolactone, [ajo - 63*65° and its amide, [ajj, + 18*48°. 

Heptoses, 

Sugars with seven carbon atoms have now been found to occur 
naturally so that added interest attaches to the synthetic members of 
this group. 

Mannoketoheptose has been isolated by La Forge from the Avocado 
pear (JPersea gratissima). It crystallises in six-sided prisms \a\^ + 29° 
It is not fermentable by yeast and does not show mutarotation. The 
phenylosazone is identical with that of ^/-mannoaldoheptose. On re- 
duction with sodium amalgam ^^-persitol and ^-jS-mannoheptitol are 
formed 

The following formula is therefore assigned to mannoketoheptose : — 
H H OHOH 

CHofOH) . C . C . C . C . CO .CH2(0H) 

OH OH H H 

Perseulose , — The natural alcohol, persitol, which is also obtained 
on reduction of mannoheptose is converted on oxidation by B. xylinmn 
to a crystalline ketose having a sweet taste and [a]x> - 8 1°. It exhibits 
mutarotation (Bertrand). On reduction with sodium amalgam two 
alcohols are formed, persitol and perseulitol. 
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La Forge considers perseulose to be /-galactoheptose with the 
structural formula — 

H OH OH H 

CH.,(OH). C . C . C . C . CO . CH^lOH) ; 

lh h h oh 

obviously both mannoketoheptose and perseulose would give rise to 
the alcohol — 

H H OH OH H 

CH2(0H) . C . C . C . C . C . CH.(OH) 

OH OH H H OH 


which is therefore the formula of persitol 

The configuration of the heptoses derived from galactose and man- 
nose has been studied by Pierce. Mannoheptitol and galactoheptitol 
are optical antipodes each having the structure of persitol. 

The second mannoheptitol derived from j 3 -mannoheptose has three 
hydroxyl groups on the same side of the chain attached to contiguous 
carbon atoms, whereas perseulitol has the constitution — 

H OH OH H OH — 

CH,(OH) . C . C . C . C . C . CH.(OH) 

OH H H OH H 

corresponding to the jS-galactoheptitol from ^-galactoheptose. 

The structural formula of the two ketoheptoses, of a- and jS-galac- 
toheptose, and of a- and j8-mannoheptose are thus all established. 

La Forge has prepared the a- and ^-guloheptoses ; the former as a 
solid [a]J® - 65*6° and the latter as a syrup. 


Volemitol, which occurs naturally, is oxidised by B. xylinum to a 
ketoheptose, volemnose, which gives the same phenylosazone as the 
reducing sugar obtained by chemical oxidation of the alcohol. 

Sedoheptose was obtained by La Forge and Hudson from a common 
stonecxo^—Sedum spectabile—diS a syrup. It is non-fermen table, re- 
duces Fehling’s solution and gives a phenylosazone. It is an a-keto- 
heptose. When it is heated with dilute acid anhydrosedoheptose, 
SHiaOg, is praduced. This forms crystals, has a sweet taste, has 
[ajo - 146 without mutarotation ; in boiling dilute acid solution an 
equilibrium mixture containing 20 per cent of sedoheptose is formed. 

On reduction with sodium amalgam two sedoheptitols are obtained 
The onea-sedoheptitol has m.p. 151^, [a], + 2*2° in water and + 22*1° 
m borax solution : it would thus appear to be identical with the natural 
alcohol, volemitol m.p. i49“-i5i° [a]. + rp” and + in water and 
+ 20-8 m borax solution. Both alcohols give the same acetal m.p 
91 and the same benzylidene derivative m.p. 200°; yS-sedoheptitol 
crystallises in short thick prisms, m.p. I27°-I28°, and is optically 
inactive ; the benzylidene derivative has m.p. 272“. ^ 
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Sedoheptose is not oxidised by bromine ; the formation of a non- 
reducing anhydride differentiates it from all other members of this 
group. A branch chain formula is excluded on account of the optical 
behaviour of the heptitols — all possible branch chain heptitols should 
be active. Further a dibasic pentoxypimelic acid was obtained on 
oxidation of sedoheptitol. 

La Forge has deduced the constitution, 

H H H H 

CHo(OH) . C . C . C . C . CO . CH„(OH) 

OH OH OH OH 
7 654321 

the orientation of the groups attached to carbon 6 being still uncertain. 
In such a formula the peculiarity of all the hydroxyl groups being on 
one side of the molecule may account for the abnormal behaviour in 
forming an anhydride. 


Other Monosaccharides. 

Apiose. 

Mention may be made of an altogether abnormal sugar, termed 
apiose, on account of its presence in the glucoside apiin. This con- 
tains a branched chain of carbon atoms, having the formula — 

CH2OH. 

>C(OH).CH(OH).CHO 

CHoOH/ 

It is not fermentable, bromine oxidises it to apionic acid. When 
reduced by hydrogen iodide and phosphorus, zWaleric acid is obtained. 
Apiin contains the disaccharide glucoapiose ; when hydrolysed by 
dilute mineral acids apiose and glucoapigenin are formed. 


Cymarose, Digitalose, Digitoxose. 

These rare sugars are obtained on hydrolysis of the glucosides 
cymarin (from the root of apocyanum) and digitalin and digitoxin, two 
of the glucosides of digitalis. 

Digitoxose, C6H12O4, crystallises in prisms {a]^ + 46° Kiliani 
has shown it to be a reduced methyl pentose having the following 


formula : — 


OH OH 

CHs . CH(OH) . C . c . CH2 . CHO, 
H H 


the position of the groups attached to carbon atom 5 being still un- 
certain. Cymarose, C7H14O4, closely resembles digitoxose in behaviour 
and is considered by Windaus and Hermanns to be a methyl ether of 
digitoxose. 
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Digitalose, according to Kiliani, gives the reactions of an 

aldose sugar but does not form an osazone : it contains a methoxyl 
group, probably therefore attached to carbon 2, and is to be regarded 

as a methoxy methyl pentose : — 

OH OCH3 

CH. . CH(OH) . C . CH(OH) , C . CHO 
H H 

The Carbohydrate Alcohols. 

Several of the carbohydrate alcohols are widely distributed in plants. 
They crystallise well and are soluble in water. On cautious oxidation 
they give in turn a reducing sugar, monobasic acid and dibasic acid. 
They are not fermentable, though attacked by a variety of bacteria and 
moulds. 

OH OH 

Erythritol — CH2(OH) . C . C . CH2(OH) — is found in many 
H H 

algae and mosses, particularly Roccella tinctoria, where it is present as 
erythrin, C20H22O1Q, a diorsellinate of erythritol. 

It has a sweet taste and is optically inactive, being the meso or 
internally compensated variety. It has been synthesised from buta- 
diene-fy-S~oxide 

CHo t CH . CH . CHo 

■ V 

by Pariselle. 

The two optically active varieties [a]^ ± 4*'' have been obtained by 
alkaline reduction of /-threbse and ^2?^ery thru lose. 

OH OH OH 

Adomtol — CH2(0H). C . C . C . CH2(OH) — corresponds to 
H H H 

/-ribose, from which it is obtained on reduction ; it is the only naturally 
occurring pentose alcohol, and is found in Adonis v&vncilis. 

Theoretically four pentose alcohols are possible : two meso forms, 
viz. adonitol and xylitol; and<^/- and /-arabitol, obtainable by reduction 
of d-' and /-arabinose or /- and ^-lyxose. 

There are ten possible stereoisomeric modifications of the hexose 
alcohols but three only are of interest. The others are obtainable by 
alkaline reduction of the appropriate aldo- or keto-hexoses. 

OHH H OH OH OH 

d.Mannitol~^C-Q,~Q,-Q.-Q-Q,K has been found in manna, 
HOHOH H H H 
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in the sap of the larch, etc, in leaves, in fruits, and particularly in 
fungi where it exceeds glucose in quantity or even replaces it A 
glucoside, clavicepsin, present in the ergot of rye, yields glucose and 
mannitol when hydrolysed (Marino-Zirco and Pasquero). 

Manni tol seems in many cases to be a fermentation product derived 
from trehalose so that its formation may be avoided by presendng 
plant extracts under sterilised conditions. Irvine has noted specimens 
of sea-weed {Laminaria) which had become encrusted with mannitol 
after the cessation of active bacterial action on the surface of the tballus. 

Mannitol is optically inactive in water, but becomes dextrorotatory 
on the addition of borax, if the mixture be acid. In alkaline solution 
it becomes Isevo rotatory. 

Mannitol and boric acid combine with the elimination of two 
molecules of water to form a ring compound mannitoboric acid, 
probably 


CjHa/^Xb.OH 


This tends to form further complexes probably oxonium deriva- 
tives. 

Gilmour has shown that whilst sodium hydroxide has little effect 
on the rotation of sodium mannitoborate and boric acid reduces it, the 
combination of both as sodium metaborate causes an increase which is 
most pronounced on the addition of one molecular proportion. The 
rotation of mannitol as sodium mannitoborate is [aj^ +22'i°,*in 
sodium metaborate solution the maximum obtained was Wo + 37*6“- 
d-Sorbitol is present in ri pe mountain ash berr ies, from which it 
can be prepared without difficulty, and in the fruits of most of the 
RosacecB ; it is probably also present in the leaves. It has been found 
as a crystalline efflorescence on the heads of a fungus {Boletus bovinus), 
d-Iditol is also present in mountain ash berries. 

\~Dulcitol occurs particularly among the Scrophulariacem. 

Two heptose alcohols, are known, e.g. persitol, occurring 

in Persea gratissima, and volemitol, discovered in Lactarius volemus, 
and since identified in the rhizomes of some species of primula. Per- 
sitol is the alcohol corresponding to mannoheptose. 

Two heptitols each from mannose, glucose, sedose and gulose 
have been prepared and their optical properties described ; of the ten 
theoretically possible six are optically active. It is possible to deduce 
the constitution 

H H H H OH 
CHoOH . C . C . C . C . C . CH2OH 
OH OH OH OH H 


for a-sedoheptitol. 
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PREFACE TO THE FOURTH EDITION. 

A NATURAL period in the history of chemical discovery, 
especially in the sugar group, was brought to a close through 
the death of Emil Fischer in 1919. This monograph is very 
largely a record of his monumental work. Such ability as the 
writer may have to deal with the subject is derived, not merely 
from the technical training he received at the master’s hands, 
while his assistant, during the years 1900 to 1902 ; more par- 
ticularly is it due to the inspiration, the example, the great 
pioneer set to all who could follow his work with appreciation. 
The outstanding feature of his method was his absolute 
devotion to experimental inquiry, the unwearying persistence 
of his efforts to attain a clearly foreseen goal, the gradual but 
always logical manner in which problems were approached and 
the completeness of his attack. No one previously had set the 
same example of ordered, persistent inquiry. 

Fortunately, in this country, foundations have been laid on 
similar lines by Purdie, whose services have yet to receive the 
full recognition they merit. The St. Andrews school can 
now be ranked with that of Emil Fischer. The outstanding 
advance, a very great one, recorded in this edition, is that 
relating to the complex carbohydrates inulin, starch and cellu- 
lose. Fischer, by his study of the hexose unit, laid the main 
foundations of the carbohydrate edifice; the St. Andrews school, 
under Irvine, is now successfully engaged in determining the 
character of the superstructure Nature builds with these, her 
chosen units. 

It is remarkable that, just at the close of Fischer’s activity, 
the outlook suddenly became widened by the disclosure, both 
in his laboratory and by Irvine in that built by Purdie at St. 
Andrews, of a form of the hexose molecule other than the 
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isodynamic, stereoisomeric a and forms. The new form, 
y-glucose, is characterised by its relative instability and the 
readiness with which it undergoes oxidation. 

That a discovery of so refined a character, so long delayed, 
would rapidly find practical application was scarcely to have 
been expected ; there is, however, reason to think that it may 
prove to be of primary importance in connection with the fell 
disease diabetes. 

Whilst certain sections of the monograph have been re- 
written, the new work has been incorporated into others. The 
arrangements of the opening chapter have been recast ; the 
chemical portion having been separated from the more purely 
physical : inasmuch as the monograph is intended for those 
who have previous knowledge of the general chemistry of the 
sugars no apology is needed for keeping it abstruse. It is in 
no way intended to serve as a dictionary. 

The knowledge of the more complex carbohydrates having 
reached a stage when structural formulae can be assigned to 
them with some degree of certainty it has been felt desirable 
and indeed necessary to introduce a new chapter dealing with 
so much of the chemistry of these substances as is required for 
this purpose. 

As always, I am indebted to the willing help of many 
friends in the preparation of the new edition. Principal Irvine 
and Dr. T. P. Hilditch have made many valuable suggestions, 
and Mr. Rex Furness has been of great assistance in the com- 
pilation of the enlarged bibliography. 

Jan. I, 1924. 


E. F. A. 
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Since the Second Edition of this Monograph was completed i 
the chemistry of the carbohydrates has developed on two mainj 
lines, both of which now receive special recognition. The 
discovery of a third isomeric form of glucose differing from 
the pentaphane ring forms in structure — probably containing a 
three-membered (triphane) ring — opens up ways to much future 
work and in particular has served to elucidate that veiy vexed 
problem the structure of sucrose. The discovery of this new 
glucose derivative also affords an example of the temporary 
nature of the doctrines of chemical structure ; if the arguments 
for the acceptance of what was known as y- oxide formula of 
glucose had been too rigidly construed there would have been 
no possibility of a third isomeride. Chemical formulae are of 
service so long as they serve to express known facts and 
stimulate further investigation ; they cease to be of value when 
used to give expression to observations with which they are not 
in harmony. We owe the recognition of the new form both to 
Emil Fischer and to J. C. Irvine, particularly to the latter and 
his students. The very patient and brilliant work of Irvine on 
the substituted methyl derivatives of the carbohydrates has done 
much to increase our knowledge of their structure. 

The relationship of optical rotatory power to structure in 
the case of the carbohydrates has long been a source of specu- 
lation, but, because of the indifferent manner in which many of 
the carbohydrate derivatives had been characterised, nothing 
definite had been achieved until recently. Owing to the 
painstaking work of Hudson and his school in America, we 
are now in possession of many of the necessary data and the 
generalisations of this chemist have given a new and most 
promising aspect to this field. 
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Some of the rarer sugars have been made more available, 
thus stimulating inquiry ; indeed, as the methods of investigation 
improve and more attention is paid to the composition of plant 
products, the occurrence of the scarcer sugars is found to be 
far more general than had been anticipated, and it may be 
prophesied that future researches in this direction will be very 
fruitful In particular much progress has been made in estab- 
lishing the structural formulae of the disaccharides. References 
to new work have been introduced where appropriate. 

Probably in no other branch of chemistry, at all events in 
that of the aliphatic compounds, is so great an opportunity 
afforded for the study in detail of the influence of structure on 
the properties of the molecule. Much has already been done 
in this direction but we are as yet only on the threshold of the 
inquiry. 

During the past few years most chemists in the allied 
countries have had to follow more urgent national calls than 
those of the research laboratory. The British and American 
nations have, however, learnt to appreciate more fully the need 
: of scientific research, and it is to be expected that in the near 
i future the chemistry of the carbohydrates will be a subject that 
f will attract the attention of workers. 

It would have been very difficult for the writer to prepare 
this edition without the great assistance which he has so freely 
received from Dr. T. P. Hilditch. 


E. F. A. 


PREFACE TO THE SECOND EDITION. 


Our interest in the carbohydrates has been again aroused by 
the return of Emil Fischer to the subject. He has announced 
his acceptance of the y- oxide formula of glucose which was 
used in the first edition of the monograph to explain all the 
properties of this carbohydrate. In continuation of his work 
on the acyl derivatives of glucose he has been able to show the 
probable composition of the tannins ; he seems to think that 
compounds of this type may be widely distributed in animals 
and plants and may account for some of the peculiar properties 
of carbohydrates known to biologists. 

It has been found advisable to modify the arrangement of 
Chapter I. The treatment of the rarer carbohydrates has been 
extended and, wherever possible, their relation to enzymes has 
been demonstrated. The chapter on the glucosides has been 
considerably enlarged and a new chapter, dealing with the 
significance of the carbohydrates in plant physiology, has been 
added. The monograph should therefore appeal more generally 
to those interested in the subject from the botanical and agri- 
cultural sides. These problems are some of the most fascinating 
of those now under investigation, and their study must add to 
our conceptions of vital change. 

It is a pleasant duty to express my thanks to Mr. F. W. 
Jackson, B.Sc., A.C.G.L, for his help in the revision of the 
proofs. 

E. F. A. 
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PREFACE. 


Twenty-eight years ago the late Sir John Burdon Sanderson 
described one of the aims of Physiology as the acquirement 
of an exact knowledge of the chemical and physical processes 
of animal life. The recent history of physiological progress 
shows that investigations confined to the study of physical 
and chemical processes have been the most fruitful source of 
physiological advance, and it is principally the exact chemical 
study of the substances found in animals and plants which has 
enabled the physiologist to make this advance. 

The last decade has seen very material progress in our 
knowledge of the carbohydrates, more particularly with regard 
to their inner structure, biochemical properties, and the mechan- 
ism of their metabolism. In consequence, many problems 
of the greatest fascination for the biochemist have presented 
themselves for solution. 

I This monograph aims at giving a summary of the present 
I position of the chemistry of the carbohydrates. The reader is 
assumed to be already acquainted with the subject so far as it is 
dealt with in the ordinary textbooks. The available informa- 
tion IS, however, so widely scattered in the various scientific 
penodicals that it is impossible for any one approaching the 
subject to inform himself rapidly of what has been done. It is 
to meet such needs that this monograph is primarily intended. 

A bibliography is appended, which contains references, 
classified under appropriate headings, to most of the recent 
works on the subject and to the more important of the older 
paj^rs. It makes no claim to be exhaustive but serves to 
indicate how much is at present being done in this field. 

E. F. A. 
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INTRODUCTION. 


The carbohydrates, together with the proteins, rank first in importance 
among organic compounds on account of the part they play, both in 
plants and animals, as structural elements and in the maintenance of 
the functional activity of the organism. 

The interest attaching to the group may be said to centre around 
glucose, this carbohydrate being the first to arise in the plant and the 
unit group from which substances such as cane sugar, maltose, starch 
and cellulose are derived ; it is also of primary importance in animal 
metabolism, as the main bulk of the carbohydrate in our food materials 
enters into circulation in the form of glucose. 

Under natural conditions the higher carbohydrates are resolved into 
the simpler by the hydrolytic agency of enzymes, but these also exer- 
cise synthetic functions ; the simpler carbohydrates are further resolved 
by processes which are undoubtedly akin to that of ordinary alcoholic 
fermentation. The carbohydrates are, therefore, of primary importance 
as furnishing material for the study of the processes of digestion and 
assimilation. 

The carbohydrates are all remarkable on account of their optical 
characters ; it is possible to correlate these with their structure. Of the 
large number of possible isomeric forms of the gluco-aldohexose, 
CgHigOg, sixteen in all, of which glucose is one, only three are met 
with in nature, although fourteen have already been prepared by arti- 
ficial means ; this natural limitation of the number produced in the 
plant and utilised by it and by the animal is a fact of great significance 
and clear proof of the manifestation of a selective process at some 
period in the evolution of life. The elucidation of these peculiarities 
invests the inquiry into the nature and functions of the carbohydrates 
with particular interest and significance. 

The simple carbohydrates are all of the empirical composition cor- 
responding with the formula CHgO, the most important being those 
containing five or six atoms of carbon. The members of the sugar 
group are usually distinguished by names having the suffix ose, . 

The simplest carbohydrate, CHgO, formaldehyde or formal, is in 
all probability the first product of vital activity in the plant, the carbon 
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dioxide absorbed from the air being converted into this substance by 
the combined influence of sunlight and chlorophyll. The conversion 
of formaldehyde into glucose has been accomplished in the laboratory, 
but the transformation takes place in such away that a variety of pro- 
ducts is obtained which are optically inactive ; there is reason to sup- 
pose that but the single substance dextro-glucose is formed in the plant 
and that this is almost immediately converted into starch ; in other 
words, the vital process is in some way a directed change. The record 
of the synthetic production of glucose and of the discovery of methods 
ofproducing the isomeric hexoses, as well as of determining the structure 
of the several isomerides, is one of the most fascinating chapters in the 
history of modern organic chemistry. 

A short outline of the ground covered by the complete carbohydrate 
group may be of value to some readers and will be given before the 
subject is developed in detail. 

The numerical relation existing between the proportions of 
« carbon ” and of “ water ” in a carbohydrate molecule, C,„(H20),„ is 
the basis of general classificatioa 

The simplest sugars are those in which m and n are equal and 
range in value from 2 upwards ; these are known as monosaccharides, 
and include such carbohydrates as arabinose, C.HiuOb, and glucose 

The next, more complex, type of carbohydrate may be regarded, 
for the moment, as derived either from two molecules of a mono- 
saccharide or from two different monosaccharides by elimination of a 
molecule of water, and will have the general formula C2,„(H20)2„, ; 
these are the disaccharides, of which cane sugar or sucrose is the most 
familiar. 


Similarly, by elimination of two molecules of water from three 
of monosaccharide, or of three molecules of water from four of 
monosaccharide, we arrive at the empirical formulae for the tri- or the 
tetra-sacckarides, which are also found in nature. 

Important exceptions to this numerical classification are the 
starches, gums, and celluloses of the general formula (QHjjObY • these 
have, of a>urse, little resemblance to the saccharide group beyond 
t^tr emiMncal composition; they are of far greater molecular com- 


^ ■^e distinctive feature of saccharides other than the monosac- 
ehandes IS their ready conversion into a mixture of the latter com- 
by hydrolytic agency ; in other reactions they show the same 
behaviour as the monosaccharides. The basis of all carbohydrates is 
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thus the class of monosaccharides, which are systematised according 
to the number of carbon atoms they contain. 

In passing it may be said that the simplest member of the series, 
CHgO, formaldehyde, is not a true carbohydrate, since it possesses 
neither the physical characteristics (a sweet syrup or solid material) 
nor the chemical (alcoholic) functions of the rest of the sugars. 

The compound, CHgCOH) . CHO, glycollic aldehyde, however, is a 
sweet-tasting crystalline substance readily soluble in water and posses- 
sing all the general properties of the carbohydrates. The next term of 
the series, €3(1120)3, includes glycerose, CH2(OH) . CH(OH) . CHO, 
and dioxyacetone, CH2(OH) . CO . CH2(OH), and here a further dis- 
tinction appears, for glycerose is an aldehyde and dioxyacetone a 
ketone. Moreover, a compound, CH3 . CH(OH) . CH(OH). CHO, has 
been prepared to which the name methylglycerose is given ; this sub- 
stance possesses the general properties of a sugar and analogous com- 
pounds such as rhamnose, CH3[CH(OH)]4 . CHO, occur in nature. 

The monosaccharides are therefore classified as dioses, trioses, etc., 
by the number, of carbon atoms in the molecule, whilst each class may 
be subdivided according as it possesses an aldehydic, ketonic, or 
methyl radicle. So, whilst glucose is an aldohexose, and fructose a 
ketohexose, rhamnose is a methylaldopentose. 

A carbon atom which has four different groups attached to it is 
known as asymmetric. These groups can obviously be written in 
order either clockwise : — 

a 

/ \ 
d b 

c 

or counter-clockwise : — 

a 

\ 

b d 

c 

Two different forms of the substance are therefore possible, related 
as object to image, and they are termed stereoisomerides. 

Nearly all the carbohydrates contain asymmetric carbon atoms 
and display optical activity, and the number of possible stereoiso- 
merides is in many cases very large. Of the monosaccharides the 
diose, glycollic aldehyde, contains no asymmetric centres and only 
exists in one form, but in the triose, glyceric aldehyde, there are 
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already possibilities of a dextro- and a Ifevorotatory form, with, of 

course, the corresponding racemic compound : — 

CH.(OH) CH2(0H) 

H.C.OH and HO.C.H 

CHO CHO 


Similarly, in the tetroses there are four possible active forms : — 


CH 40 H) 
H.C.OH 
H . C . OH 
CHO 


CH.(OH) 
H.C.OH 
HO . C . H 
CHO 


CH^COH) 

HO.C.H 

H.C.OH 

CHO 


HO.C.H 


HO.C.H 

CHO 


In general, as van*t Hoff has pointed out, the total number of 
active forms of sugars of the same structural formula containing 
n asymmetric carbon atoms is 2'*^, 

On mild oxidation of the aldehydic group of the aldoses, optically 
active hydroxy-monocarboxylic acids corresponding to each active 
form are produced, but if by further oxidation the terminal primary 
alcoholic group is also converted to an acid, or if the original mono- 
saccharide is reduced to a polyhydric alcohol, the number of possible 
forms of the respective dibasic acids or polyhydric alcohols is some- 
what lessened Thus, referring again to the tetroses, the dibasic acids 
formed by oxidation are : — 


COOH 

H.C.OH 

H.C.OH 

COOH 

(a) 


COOH 

H.C.OH 

HO.C.H 

COOH 

(^) 


COOH 

HO.C.H 

H.C.OH 

COOH 

(0) 


COOH 

HO.C.H 

HO.C.H 

COOH 

(d) 


Of these, only (b) and {c) are optically active, and are, in fact, the 
dKud I forms of tartaric acid, whilst (a) and {d) are identical and re- 
pr^ent the “ internally compensated” or ineso-tartmc acid. So that 
there are only three stereoisomeric dibasic acids (and also tetrahydric 
alcohols) derived from the four tetroses, and of these only two are 
optically active. 

Some of the possible stereoisomerides in the simpler aldomono- 
saccharides, with their related dibasic acids or polyhydric alcohols 
are in number as follows ’ 


AMoses. 

Number of 
Asymmetric’ 
Atoms, 

Number of 
Stereo- 
isomcrides. 

Corresponding Stereoisomeric Alcohols or 
Dibasic Acids. 


Total No. 

Optically Active. 

Meso'compounds. 

Ilose 

Trioses , ; 
Tetro®« . 

0 

l’ 

2 

1 

2 

r 

I 

0 

0 

0 

0 

Fentwes. . 

3 

4 

8 

16 

! 32 

3 

2 

I 

HaEO« 

4 

4 

2 

2 


5 

10 

16 

8 

12 

2 

4 
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Comparatively few of these sugars are found in nature, but tetroses, 
pentoses and all the hexoses except two are now known in active 
forms corresponding to those predicted by stereochemical theory ; 
those not occurring naturally have been produced synthetically. 

It would be impossible within the limits of a brief monograph to 
deal at length with the carbohydrates generally. In the following ac- 
count, glucose will be taken as a typical sugar, and its properties and 
inter-relationships will be considered more particularly with reference 
to their biochemical importance. The disaccharides and glucosides 
will be dealt with in a similar manner. Those who desire fuller in- 
formation should consult the comprehensive works compiled by Lipp- 
mann and by Maquenne. 

In discussing the various problems associated with the carbohydrates, 
the writer will strive to indicate the alternative views which have been 
advanced. He will, however, endeavour to develop the subject as far 
as possible as a logical whole, rather than leave the reader undecided 
at every turn. Such a method of treatment is more likely to stimulate 
inquiry by giving a picture of the present attitude of workers towards 
the various problems which the carbohydrates present 



CHAPTER I. 


GLUCOSE (DEXTRO-GLUCOSE OR DEXTROSE). 

It has been customary to speak of this sugar as grape sugar to 
distinguish it from cane sugar and on account of its occurrence in the 
juice of the grape and of other ripening fruits in association with fructose 
(laevulose). The two hexoses are probably derived from pre-existent 
cane sugar, as the three sugars are nearly always found together and as 
cane sugar is easily resolved into glucose and fructose by hydrolysis : — 

CisHggOu -f HgO = C^HjgOg 4- 

Cane Sugar. Glucose. Fructose. 

Glucose is also formed from other more complex sugars when these 
are broken down by hydrolysis with the assistance of the appropriate 
enzymes or of acids — for example, from milk sugar or lactose, malt 
sugar or maltose, starch and cellulose. It is easily prepared from 
starch by the action of diluted sulphuric acid and is therefore to be 
purchased at small cost. It separates from an aqueous solution with 
a molecule of water of crystallisation, but this is held only loosely, 
as the anhydrous substance may be crystallised from dilute alcohol. 
Unlike cane sugar, it never separates in well-defined clear crystals from 
either water or alcohol, but is usually met with as a crystalline powder. 

Constitution. 

Glucose is represented by the molecular formula CgH^gOg. Five 
of the six atoms of oxygen are to be regarded as present in the 
alcoholic form, as hydroxyl (OH) ; the sixth under certain conditions 
manifests aldehydic functions. Thus, when acted upon by metallic 
hydroxides, glucose forms compounds which resemble the “alcoho- 
lates ; and it is converted by acids, acid anhydrides and chlorides, 
into etheri»! salts or esters such as the following : — 

CgH,0(0 . CO . C,R,0{0 . CO . CeH,)^ 

pcaatanitrate. Glucose peiita,cet3.tc. Glucose pentabenzoate. 

On ledaction, it takes up two atoms of hydrogen and is converted 
into a hexahydric alcohol j on oxidation, it yields the monobasic acid, 
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gluconic acid, C5Hg(OH)5 . CO . OH ; when heated with a concentrated 
solution of hydrogen iodide, it loses the whole of its oxygen and is 
converted into an iodohexane, CgH^gl, which itself is a derivative of 
normal hexane, CHg . CH2 . CHg . CHg . CHg . CH3. 

On account of the stability of glucose, it is to be assumed that each 
hydroxyl group is associated with a different carbon atom ; as glucose 
is a derivative of 7 iormal hexane, the constitutional formula of the 
aldehydic form may be written in the following manner: — 

CHo{OH) . CH(OH) . CH(OH) . CH(OH) . CH(OH) . CHO 

But it was long a matter of remark that glucose, as a rule, is far 
less active than was to be expected, assuming it to be an hydroxyalde- 
hyde. The difficulty was removed when Tollens, in 1883, proposed to 
represent it by a formula in which four of the carbon atoms are included 
in a ring, together with a single oxygen atom. 

If the regular tetrahedron be adopted as the model of the carbon 
atom and it be supposed that the four affinities are directed towards 
its four solid angles from the centre of a sphere within which the tetra- 
hedron is inscribed, the direction of the affinities is such (109° 24') that 
on uniting four such tetrahedra together and interposing as representa- 
tive of the oxygen atom a ball with two affinities arranged in about the 
same directions as the two carbon affinities, a closed system or ring is 
formed almost naturally, in which there is no strain, the internal angles 
being practically those in a regular pentagon, thus : — 


H 


H 


H- 


HO 


/OH HO\ 

>CH . 



CH(OH) . CH2(0H) 


This symbol has been very widely adopted, as it is in general 
accordance with the interactions of glucose. Fischer has stated 
his acceptance of it in preference to the aldehyde formula. It is 
the representation in a plane surface of a solid model of glucose made 
by combining tetrahedra in the conventional manner. The reader is 
advised strongly to construct such a model himself to enable him to 
follow the argument developed in this chapter. The behaviour of 
glucose as an aldehyde is accounted for if it be assumed that, when the 
ring is ruptured by hydrolysis, the closed chain form passes into an 
aldehydrol and this in turn into the aldehydic form in the following 


manner : — 
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H OH H OH 


H OH H OH 


Hs 


tt\ 

HO/ \ 


+ H ,0 

CH.CH(OH).CHj(OH) 


HO 


y 

y \ 


CH.CH(OH).CH.(OH) 


Closed ring. 

H OH H OH 

\/ V 


c- 


OH HO 
Aldehydrol. 
H OH H OH 

\/ \/ 

C C 


H 


/ 


H 


\C 


HO 


CH . CH(OH) . CHoCOH) 






\ + HaO 

CH . CH(OH) . CHolOH) 


HO 


Aldehyde. 


OH HO 
Aldehydrol. 

This action being reversible, it is to be supposed that when an agent 
such as phenylhydrazine,^ which will act upon an aldehyde, is added to 
the aqueous solution, the small amount of aldehydrol present is aUacked 
and removed; the equilibrium is thereby disturbed, but is rapidly re- 
stored by the formation of a fresh quantity of the aldehydrol, which in 
turn disappears but only to have its place taken by a further quantity. 
Ultimately the whole becomes converted into the aldehydic derivative. 

On reference to the closed-chain formula of glucose, it will be seen 
that the potentially aldehydic carbon atom (printed in clarendon type), 
as well as the three other carbon atoms in the ring, and also the atom 
which is immediately contiguous to the ring on the right-hand side 
of the formula (p. 7) are all asymmetric, in the sense that each of 
them is associated with four different radicles, or, in other words, a fifth 
asymmetric carbon atom has arisen in this formula. Consequently the 
closed-chain form of glucose may be written tn either of two ways, de- 
pending on the arrangement of the groups around this atom, printed 
here in clarendon, thus : — 



HO — C- 
HCOH 


-H 


^0 


HOCH 

V 

HC 

I 

HCOH 

(IhjOH 

^-Glucose. 


^ See CMpter II., page 62. It is quite possible that the closed-ring form of glucose 
wifi interact directly with phenylhydrazine without the butylene oxide ring becoming opened. 
In such case it is unnecessary to assume the presence of any aldehydrol at all in solution. 
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This conclusion, though in general agreement with the behaviour 
of glucose, does not embrace all the known facts which, as indicated 
on page 13, go to show that glucose may react in yet other isomeric 
forms owing to the presence of other cyclic systems containing a 
different number of carbon atoms united with the oxygen atom. 

The two methyl glucosides are to be regarded as the methyl 
derivatives of these two stereoisomeric forms of glucose. 


Nomenclature. 

roMS. Alcohols. 

a Secondary 

^ Secondary 

*> — 

5 Secondary 

6 Primary 

In order to avoid confusion it is necessary to be clear as to the 
nomenclature adopted. Two systems are in use: the carbon atoms 
may be numbered commencing with the terminal, potentially aldehydic, 
active carbon atom, and the formula is usually written with this up- 
wards. Alternatively they may be designated by means of Greek 
prefixes in the manner customary for aliphatic acids so that the carbon 
atom next the potentially aldehydic atom becomes a and carbon 
number 4 is 7. The prefixes a, /8, etc., are also commonly used by 
chemists to distinguish isomerides, the modifications being usually 
named in the order of their discovery. In the sugar group the prefixes 
a and /3 have come to acquire a special meaning as indicating the 
configuration of derivatives attached to carbon i : accordingly, their 
use in the more general sense will be restricted as much as possible. 
Indeed, it is now almost universally the practice to number the carbon 
atoms. 

For the sake of uniformity it is desirable, when writing the formula 
vertically, to have the reactive aldehyde group uppermost, the carbons 
being numbered downwards; and, when writing it horizontally, to 
place the aldehyde group to the right, numbering the carbon atoms 
from right to left The groups to the right of the vertical formula 
become those in the bottom line of the horizontal formula : 


Carbon 

H— C— OH I 



H—C— OH 5 

CH 2 . OH 6 


H 

CH^COH) . C 
OH 


H OH H /H 

. c . c . c . c<r 

I H OH I \OH 

I o ' 


6 


5 


4 3 2 


I 
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It is a characteristic property of y-hydroxy acids to lose water very 
readily, forming ring compounds containing four atoms of carbon and 
one of oxygen : these are termed y-lactones as the 7-carbon atom is 
concerned in their formation. Thus — 




CHj(OH) . CHj . CHj . COsH = H3O + CHj . CH^ . ChTTcO 
7-Hydro;5'butyric acid. y-Butyrolactone. 

Similar four carbon-oxygen ring compounds when derived from 7- 
hydroxy compounds other than acids are named 7-oxides. The ring is 
termed a pentaphane ring. 

It is, however, preferable again to avoid the use of the Greek pre- 
fi.x and to denote the character of the ring structure by the terms, 
ethylene, propylene, butylene or amylene oxide instead of as a-, j 3 - 
7' or S-oxides. 

Another proposal is to Indicate the points of attachment of the 
oxygen ring in glucosides by adding two figures rather than using 
greek prefixes. Thus a-methylglucoside is jf-methylglucoside (1.4), 
T^methylglucoside is methylglucoside (1.2). 

At the moment the prefix: 7- is largely used in the literature to 
denote the active forms of the sugars of which the constitution is still 
uncertain. 


An alternative, advocated by Hudson, is the use of the word “ cyclo ” 
with a Greek prefix to show the nature of the ring, e.g. methyl-a-cyclo- 
glucose or methyl-7-cyclo-glucose. Acree has suggested the term 
lactonyl to indicate an aldehyde group that has formed a lactone-like 
nng, and Hudson uses the symbol < to denote this. This symbol is 
useful in expressing the structure of the disaccharides. 

The carbon atom and the attached H and OH radicles are often 
referred to collectively as primary or secondary alcohol groups. 

prefix Jj? is used„to.„<Jea<?te the new carbohydrate formed by 
the interchange of the H and OH groups on the 2-carbon atom ; thus 
i^nose becomes epiglucose, ribose becomes epiarabinose. The 
change is spoken of as epimerism, and the isomeric pair as epimerides. 


The Methyl Glucosides. 

aJI ofi glucose, the compounds which 

Sides U m u u r ^ ^ isomeric methyl gluco- 

(a and 0 ), which are formed by the interaction of glucose and 
methytic alcohol under the infiuence of hydrogen chloride These 

tifSrj t803 "T "’""f ■ 

r xvimi mscfter m 1893. He prepared them by dis- 
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solving glucose in cold methylic alcohol saturated with dry hydrogen 
chloride gas. After several hours, when it had lost all cupric reducing 
power, the mixture was neutralised with lead carbonate. Crystals of 
the a-compound were obtained on concentrating the solution; the 
yS-compound was isolated later from the mother liquor, and was first 
obtained crystalline by Van Ekenstein. 

The methyl glucosides differ considerably from glucose, more par- 
ticularly in never behaving as aldehydes ; and their rotatory power in 
solution is the same in a freshly-prepared solution as it is in one which 
has been kept for some time, which is not the case with glucose. Tliey 
are undoubtedly formed by the introduction of methyl, in place of an 
atom of hydrogen, in the hydroxyl group attached to the carbon atom 
which exercises aldehydic functions in the open-chain form of glucose. 

It is to be noted that the introduction of methyl in this position has 
the effect of rendering the ring far more stable than it is in glucose, as 
it is to be supposed that compounds such as phenylhydrazine, and 
oxidising agents such as Fehling’s solution, are without action because 
the glucosides do not undergo hydrolysis in solution in the way that 
glucose does. 

The two glucosides are distinguished by the arbitrary prefixes 
a and /3, their physical properties being as follows: — 

Melting-point. Rotatory Power. 

a-Methyl glucoside .... 165° + 15 7 ° 

yS-Methyl glucoside . . . • 104° ~ 33 ^ 

They are both colourless crystalline substances, the a-isomeride 
crystallising usually in long needles, the y8-isomeride in rectangular 
prisms. 

When hydrolysed by acids they yield methyl alcohol and glucose. 

At ordinary temperatures hydrolysis, even by moderately strong mineral 
acids, proceeds but slowly ; and if it be desired to study the course of 
hydrolysis it is advisable to work at elevated temperatures, say yo to 
80° C. As in other chemical reactions, the hydrolytic power of acids 
towards glucosides increases as the temperature is raised. A conven- 
ient method of experimenting consists in mixing acid and glucoside in 
a closed flask immersed in a thermostat so as to maintain the required 
temperature. Samples of the liquid are withdrawn at stated intervals 
of time, rapidly cooled by immersion in ice water to check hydrolysis, 
and the amount of glucose formed estimated either gravimetrically or 
with the polari meter. To prevent evaporation it is advisable to add 
a little paraffin wax to the mixture of glucoside and acid. Measure- 
ments made in this way show that a definite fraction of the glucoside 
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present is hydrolysed in each unit of time, the course of change follow- 
ing what is known as the logarithmic curve. The / 3 -compound is at- 
tacked more rapidly than the a-. This point will be referred to again 

In Chapter VI. 

The methyl glucosides are also hydrolysed by enzymes, but both 
isomerides are not hydrolysed by the same enzyme. In fact, the action 
of enzymes towards the glucosides is specific, and each form requires 
its own particular enzyme: a-methyl glucoside is hydrolysed by 
maltase: /3>methyl glucoside by emulsin. The enzymes act at 
ordinary temperatures, preferably not above 37° C., and are far more 
active as hydrolytic agents than acids. 

Returning to the preparation of the glucosides just described 
it will be noted that both forms are produced simultaneously, the 
a-isomeride predominating. When solid anhydrous glucose (a-glucose) 
is dissolved in dry methyl alcohol containing dry hydrogen chloride 
the first change is its rapid conversion into a mixture of a- and ^8- 
glucose in nearly equal parts. Each of these then undergoes etherifi- 
cation, the primary result being a mixture of a- and / 3 -methyl gluco- 
sides, in which the latter is slightly in excess. On standing, slow 
conversion of the / 3 -methyl glucoside into the more stable <x-isomeride 
takes place. The equilibrated mixture of the glucosides contains 77 
per cent of the a- and 23 per cent of the / 3 -isomeride. If, however, 
the solution be neutralised as soon as etherification is complete and 
before the isomeric changes take place, and the solvent be removed, a 
mixture of the two glucosides in approximately equal quantities is 
obtained. These may be separated by fractional crystallisation. 

Such a process is somewhat tedious when ^-methyl glucoside is the 
object of the preparation, and it is more convenient to make use of 
biological methods. On treatment with yeast, which contains the 
enzyme maltase, the a-methyl glucoside is hydrolysed to glucose and 
methyl alcohol, and the glucose is removed by fermentation, so that 
j8-*methyl glucoside, which is not attacked by yeast, alone remains, and 
can be isolated and purified. 

When, on the other hand, a-methyl glucoside is desired, the action 
of the acid is allowed to continue until equilibrium is attained, and, 
after crystallfeation of some quantity of the a-methyl glucoside, the 
mother liquors are again heated with a little acid. This has the effect 
of causing the / 9 -glucoside present to be converted into a-glucoside 
until equilibrium is again reached, when 77 per cent, of the total solid 
p*esait is a-glucoside, and in consequence a further quantity of a-glu- 
coside crystallises on removal of the solvent. - 
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Fischer employs an alternative method, which consists in heating 
the alcoholic glucose solution with very little acid in an autoclave. It 
is then not necessary to neutralise before crystallisation of the a-gluco- 
side. 

Maquenne has prepared y 9 -methyl glucoside by the action of methyl 
sulphate and sodium hydroxide on glucose dissolved in water. It is 
stated that the /3-isomeride alone is formed under these conditions, 
but the quantity obtained is not large. 

The two methyl glucosides are regarded as stereoisomeric 7- or 
I : 4 - butylene oxides, and have the following structural formulse : — 


H—C^OCHa 



HCOH 


CHgOH 

a-Methyl glucoside. 


CH3O--C— H 



HCOH 

(IhjOH 

j8- Methyl glucoside. 


In practically every respect the above formulae may be regarded 
as satisfactory and consistent with the properties of the isomeric gluco- 
sides, their different solubilities, rotations, rates of hydrolysis, and 
their behaviour towards enzymes. More recently these formulae have 
been questioned and other cyclic structures assigned to one or other 
of the glucosides ; there is, however, no reason for making any 
change. 

Considering the cyclic structures possible in glucose it is obvious 
that the ring forming oxygen can occupy other positions than the 
I : 4 or butylene oxide position so far assumed. 

The alternatives are : — 


XH . OMe 

Jh.OH], 

CHo.OH 


1:2 = Ethylene 
oxide. 


CH . OMe 

I 

CH . OH O 

1 

[CH . 0 H ]2 
c!h2.0H 

1:3 = Propylene 
oxide. 


/CH . OMe 
[CH.OH], O 

■-iH ■ ' 

CH. OH 

CHs . OH 
1:4 = Butylene 
oxide. 


CH , OMe 
■^1 

[CH . OH], 
■^CH 


1:5 = Amylene 
oxide. 


The remarkable ease with which fructosides are hydrolysed suggests 
that these compounds are constituted on a plan different from that of 
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the glucosides, and careful experimental work has indeed shown that 
further isomerides, both of the methyl glucosides and other derivatives 
of glucose and similar sugars, exist although these are somewhat in- 
definitely characterised Fischer originally showed that the reaction 
between glucose and methyl alcohol containing i per cent, of hydrogen 
chloride yields, in addition to the two crystalline methyl glucosides, a 
considerable amount of a syrup which was formerly regarded as 
glucose dimethylacetal, CgH^gOy, i.e. 

yOMe 

CR,(0H).[CH.0H]4.CH/ 

\OMe 

or as an uncrystallisable mixture of the a- and / 3 -methyl glucosides. 
He found in 1914 that the syrup distils without decomposition in a 
high vacuum, and has the composition, of a methyl glucoside. 

It is stable to alkalies, Fehling’s solution and hot water, is hydrolysed 
by acids but scarcely attacked by emulsin or by maltase. It is 
obviously a third isomeric methyl glucoside, 

Irvine, Fyfe and Hogg have shown that this methyl glucoside is a 
mixture of isomerides derived from an entirely new variety of glucose. 
The new methyl glucose is characterised by the remarkable ease with 
which it enters into condensation with acetone, the remarkable capacity 
to reduce alkaline potassium permanganate solutions, the tendency to 
unite with one atomic proportion of oxygen to give a neutral product, 
and the ready auto-condensation of this oxy-compound to give a product 
allied to the disaccharides. 

The first opinion formed was that a i : 2-ethylene oxide ring was 
present, but this view has been since modified in favour of the i : 3- 
propylene oxide structure — 

CH 2 OH . CHOH . CHOH . CH . CHOH . CHOH 


this being in particular most in harmony with the formation and 
properties of the glucose acetones. However, the question cannot yet 
be regarded as finally settled. 

The reactions of this and similar 7-sugars show a close resemblance 
to natural processes in the ease with which they undergo all kinds of 
chemical change. This fact, as exemplified elsewhere, gives them 
great biological significance, and it would appear that the ordinary 
crystalline stable sugars are not the forms primarily elaborated by the 
plant and animal. 

It must not be overlooked, as suggested by Irvine, that the 
f-sagars may after all not be chemical individuals, but the sugars may 
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be acting as aldehyde or ketone — their supposed derivatives which 
differ from those obtained from the crystalline sugars being determined 
by the conditions of the particular reaction : this suggestion is more 
in harmony with their extreme activity. It is most convenient to 
deal with the other 7-sugars under their respective headings. 


The More Important Derivatives of Glucose. 

The experimental work of the last ten years has shown that most of 
the derivatives of glucose likewise exist in two or more forms differing 
in physical properties, more particularly crystalline form, optical rota- 
tory power and melting-point. The chemical behaviour of all these 
substances is such that it must be assumed that the aldehydic function 
has disappeared, giving rise to the closed-ring structure already 
formulated. 


Glucose Pentacetates. 


Under proper experimental conditions, all five hydroxyl groups 
in glucose become acetylated, the a- or / 3 -pentacetate predominating 
in the product according to the method adopted. As these compounds 
form the starting-point for a number of syntheses, it is important to 
understand fully the methods of preparing them. 

They have the following formulae : — 


HC— OAc 


AcO— CH 

/\ 



HCOAc\ 

1 \ 


HCOAc\ 

1 \ 

AcOCH yo 

\/ 


AcOCH \o 

\ / 

[Ac = C2H3O] 

\/ 

HC 

1 


HC 

1 

HC.OAc 

1 


HC . OAc 

1 

CHg . OAc 


CH2 . OAc 

a- Glucose pentacetate. 


jS-GIucose pentacetate. 


To obtain the a-pentacetate it is necessary to acetylate glucose 
instantly before isomeric change can take place, since the presence of 
acid greatly accelerates the isomeric change from <x- to /3-glucose. This 
is done by adding anhydrous a-glucose to boiling, acetic anhydride con- 
taining a small g[uant[1^ of zinc chlpri^^ A violent action 

ensues, and the sugar passes into solution. The product is poured into 
water, which is changed from time to time to remove the acetic acid ; 
finally, the a-glucose pentacetate solidifies. The crude product contains 
both isomerides : it is purified by crystallisation from alcohol. The 
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a-pentacetate predominates also when glucose is acetylated in pyri- 
dine solution at o^. 

To obtain the yS-pentacetate, glucose is mixed with acetic anhydride 
and sodium acetate, and heated for some time at the temperature of 
the water bath. As the change from a- to ^-glucose in this case pre- 
cedes acetylation, ;S-glucose pentacetate predominates in the final 
product, and may be separated by fractional crystallisation. 

The pentacetates are colourless crystalline compounds, insoluble 
ill water and readily hydrolysed by alkaline hydroxides. When heated 
with acetic anhydride either form is partially converted into the other 
until equilibrium is attained when 90 per cent, of the a- and 10 per 
cent of the form are present. Jungius has shown that this change 
may also be effected by adding a small amount of sulphur trioxide to 
a solution of the acetate in chloroform. 

In the case of galactose no less than four pentacetates have been 
isolated. 


The / 3 -butylene-oxide form was first prepared by Erwig and 
Koenigs by acetylating galactose with acetic anhydride and sodium 
acetate. Hudson and Parker find that when this form is boiled with 
acetic anhydride and a little zinc chloride the a-butylene oxide isomer- 
ide IS obtained to the extent of about 70 per cent, of the original 
matenal. The usual method of separating the /S-pentacetate is to 
pour the acetylation product into cold water. Hudson finds that the 
chloroform extract of this water after filtering off the /3-pentacetate 
contains a third isomeride and this on treatment with zinc oxide in the 
manner described is converted into a fourth isomeride in small quanti- 

ti^only about 10 per cent, of the original. The isomerides have the 
following physical constants - 


table I. 


No. 

Structure. 

— — — 

Melting-point. 

Wd- 

1 

2 

3 

4 

^-Butylene oxide , 

« »> 

^-rropyIene oxide . 

142 

95*5 

98 

87 

+ 7 * 5 ° 

+ 106*0° 

' - 42° 

1 + 61° 


oth^r rE Jsomerides as possessing an oxide structure 

than a and i„ the light of tho foregoing pals 

the pnrpytae ox.de stmcture provisionally be assign^ I £ 
AMioro. Acto^c Gh,om.-\n either isomeride, one of the 
g»nps-4.. attached to the te^in.i carbon atom pn dar°L“^ 
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type) linked to the pentaphane oxygen atom — is far more active than 
the rest. When subjected to the action of anhydrous liquid hydro- 
gen bromide or hydrogen chloride in sealed tubes at the ordinary 
temperature, this acetyl group alone is displaced by halogen. In this 
way / 3 -pentacetyl glucose gives ^-acetochloro glucose, a beautifully 
crystalline colourless substance. Nitric acid acts in a similar manner, 
causing the formation of crystalline / 3 -acetonitro glucose : — 



AcO . CH 
HC . OAc"^ 


(HNO3) 



O (HCl) 


CHo , OAc 

i8-Acetonitro glucose. 


HC . OAc 


CH 2 . OAc 

j8- Glucose pentacetate. 



HC . OAc 


CHo . OAc 

/8-Acetochloro glucose. 


Physical measurements also indicate that one of the acetyl groups 
is more easily detached than the others. This is proved by the fact 
that the rate at which the acetyl groups are removed by hydrolysis 
with alkali from the glucose pentacetates decreases as change pro- 
ceeds ; yet the tetra-acetyl methyl glucosides, which contain four simi- 
larly placed acetyl groups but lack the one contiguous to the pentaphane 
oxygen, are hydrolysed by alkali at a rate which is constant throughout 
the whole change. 

The chloro-, bromo-, and nitro-groups are even more reactive than 
the acetyl group, and are easily displaced — for example, by methoxyl 
—on shaking a solution of the compound in anhydrous methyl alcohol 
with silver carbonate. The isomeric tetra-acetyl methyl glucosides 
thus obtained are converted, when hydrolysed by an alkali, into the 
corresponding isomeric methyl glucosides. These syntheses make it 
possible to pass from ^-glucose to yS-methyl glucoside through a series 
of / 3 -compounds and to correlate all these compounds with yS-glucose. 

AcetoAjqro^and glucose have been rendered easily 

accessible by a more convenient method of preparation: powdered 
crystalline anhydrous glucose, dissolved in about five times its weight 
of acetic anhydride, is boiled with^half its weight of anhydrous sodium 
acetate for two or three hours. The product is poured into a large 
volume of ice-water and the crude / 3 -glucose pentacetate is freed as 
much as possible from acetic anhydride by pulverisation under water 
and then crystallised from 96 per cent alcohol, when it is obtained in 
74 per cent yield. 


2 



18 THE CARBOHYDRATES AND THE GLUCOSIDES 


One part of the pentacetate is left with two parts of the commercial 
solution of hydrobromic acid in acetic acid for two hours at the ordi- 
nary temperature. Four parts of chloroform are added and the mixture 
shaken with twice its weight of ice-water ; the chloroform extract is 
run off and the residue again shaken with a little chloroform, after 
which the united chloroform solutions are washed with water, dried 
over calcium chloride, and the chloroform removed under a vacuum. 
The oily residue is triturated with light petroleum until crystallisation 
sets in and subsequently the collected crystals are rapidly recrystallised 
from a little amyl alcohol, washed with light petroleum, and stored in 
a vacuum over soda-lime. 

Irvine considers that Hudson’s method of simultaneous bromina- 
tion and acetylation by a solution of hydrobromic acid in acetic anhy- 
dride is superior in many ways to the above. 

Aceto-iodo glucose has also been prepared. In all cases, by this 
method only the / 3 -derivatives are obtained. Apparently rearrange- 
ment takes place very readily during the preparation of a-acetochloro 
glucose by means of anhydrous hydrogen chloride and the a-derivatives 
are not always obtainable; indeed, Fischer has cast some doubt on 
their existence. 


Ue /-acetobromoglucose [a], - 1927° is prepared from /-glucose 
by the action of acetyl bromide and glacial acetic acid. It undergoes 
the same transformation as the ^isomeride and can be used for the 
synth^is of glucosides of the /-series. When mixed in ethereal solu- 
tioa wffh an equal quantity of the d-form the racemate results. 

When ^-acetobromoglucose is shaken in ethereal solution with silver 
r tetra-acetyl glucose is obtained; this like 

_ tra-metfayl gluc^ exhibits mutarotation and exists in two forms. 
It yields a ph^ylhydrazone. 

Acetobromoglucose also interacts with pyridine, forming tetra-acetvl 
glucose pyridinium bromide. “«ng retra-acetyl 

^ Mmo~, di-, tn-, tetra-, and two isomeric pentaben2oyl derivatives 

. ^ io -70 . in all cases isomerides distin^rnichM u.rU • 
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chlorides of the fatty acids : these are crystalline solids with a fat-like 
nature and low melting-point. 

Anhydroglucose. 

When the action of anhydrous hydrogen bromide on glucose pent- 
acetate is prolonged dibromo-triacetyl glucose, 

I ^ i 

CHsBr . CH(OAc) . CH . (CH . OAc)^ . CHBr, 

is obtained. One of the bromine atoms can be displaced by methoxyl 
with the formation of triacetyl methyl glucoside bromohydrin. This 
compound has served as the starting-point for a number of syntheses, 
in particular the preparation of a new isomeride of glucosamine 
P* 79 )* When it is heated with barium hydroxide, hydrogen bromide 
is eliminated and anhydromethyl glucoside, is formed ; this 

on hydrolysis by dilute adds yields anhydroglucose, a well-char- 
acterised crystalline substance. It forms a phenylhydrazone and 
phenylosazone, both containing one molecule of water less than the 
corresponding glucose compounds. On the assumption of a butylene- 
oxide ring structure for the new anhydride, anhydroglucose will have 
the attached formula — 

1 ^ i 

CHo . CHOH . CH . CH . CHOH . CHOH 

I o 

This is fully in harmony with the deductions possible from the solid 
model of glucose. The 6-carbon being free to rotate can take up the 
position indicated, which is favourable for the formation of a butylene- 
oxide ring, linking it with the 3-carbon ^tom through oxygen. The 
second bromine atom in triacetyl-dibromo glucose is in the 6-position, 
as proved by the reduction to a methylpentose (p. 105). 

Anhydromenthol glucoside has been obtained in a similar manner 
to anhydromethyl glucoside ; it is of interest that emulsin is without 
action on either compound, though it readily hydrolyses the normal 
glucosides. 

It would appear that the possibility of the existence in nature of 
anhydrides of glucose and of glucosides is not excluded, since the 
reduction product of anhydroglucose, anhydrosorbitol, is an isomeride 
of naturally occurring styracitol. 

Triacetyl methylglucoside bromohydrin can be hydrolysed with 
ammonia in alcoholic solution without removing the terminal bromine 

atom. The ,S-methylglucoside-6-bromohydrin so obtained is of interest 

2 * 
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in that it is not hydrolysed by emulsin.^ A number of other bromo- 
glucosides have been prepared from dibromotriacetyl glucose, which 
behaves in every way similarly to acetobromoglucose. Bromoglucose 
itself could not be isolated. 

Halogen may be introduced into the sugar molecule when methyl- 
glucoside is added to a freshly prepared mixture of dry chloroform, 
pyridine and sulphuryl chloride : the crystalline product is a-methyl- 
glucoside dichlorohydrin sulphate (Helferich) . 


Methyl (Methoxyl) Glucoses. 

The properties of the hydroxyl groups in glucose can be masked 
by their replacement by acetyl or benzoyl groups. The ethers so 
formed crystallise well, but the acid groups render these compounds 
resistant to the action of enzymes ; they are, moreover, too easily re- 
moved in subsequent interactions. The substitution of methoxyl for 
hydroxyl has a less disturbing influence ; indeed, methylation has little 
effect on the characteristic chemical reactions of reducing sugars except 
in increasing stability. The reducing sugars themselves cannot be 
directly methylated by any of the ordinary methods ; but, as Purdie 
and Irvine have shown, it is possible to methylate the methyl glucosides 
by exhaustive treatment with methyl iodide and silver oxide. The 
products are purified by distillation in vacuum and subsequently 
obtained crystalline. 


This method has proved of the greatest value, since it has been 
found that during the reaction stereochemical changes such as racemisa- 
tion, the Walden inversion, or interconversion of glucosides, do not 
t^e place. On the other hand, it is expensive, for very large excesses 
of the costly methyl iodide and silver oxide are necessary, and the 
modificahon of Haworth, who has succeeded in determining the con- 
ditions under which commercial sodium hydroxide and methyl sulphate 
in aqucOTs solution may be employed without detriment to the optical 
punty of the products, is a welcome improvement. 

Briefly, the sugar, dissolved in the least quantity of water is stirred 

times the theoretical amounts of the alkylating reagents are simultan 

IS rai^d to 100 for half an hour. A slight alkalinity must be main 
tamed throughout, for even the transitory local existence nf =. -,1 

^sto tends to induce hydrolytic changes, whilst, of course excesrive 
alkalinity causes enohsation, resinification, etc,, to set in. ’ 


* C/. Chap. VIII. 
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Sometimes, by this method, the last hydroxyl group to be attacked 
is left wholly or incompletely methylated owing to diminishing solu- 
bility of the products in the medium, and in these cases it is well to 
have recourse to the former method for the final stages of the methyla- 
tion. 

The isomeric a- and ^-pentamethyl glucoses (e.g. tetramethyl- 
methyl glucosides), when hydrolysed by acids, are converted into tetra- 
methyl glucoses : — 


MeOC— H 



CHgOMe 

)8-Pentamethyl glucose. 


HOC—H 



CHsOMe 

/8-Tetram ethyl glucose. 


Both compounds yield finally the same tetramethyl glucose of 
constant rotatory power, but initially a- and y8-tetramethyl glucoses are 
obtained from them, which exhibit mutarotation and slowly change in 
solution into the equilibrated mixture. Tetramethyl glucose is con- 
verted by Fischer’s method of etherification into a mixture of a- and 
jS-tetramethyl-methyl glucosides. 

Tetramethyl glucose is not fermentable, but tetramethyl /3-methyl 
glucoside is hydrolysed by emulsin, a fact which indicates that the 
introduction of the methyl groups into a glucoside does not put the 
resulting compounds out of harmony with enzymes. 

It should be pointed out that the compounds are in reality methoxyl- 
glucoses though it has become customary to term them methylglucoses : 
they must not be confused with the methylpentoses which contain a 
methyl and not a methoxyl substituting group. 

If the formula now ascribed to digitalose is confirmed the methyl- 
glucoses become of increased interest as natural products of the plant. 

The partially methylated derivatives of the sugar group possess a 
special interest, as their study has already afforded a clue to many 
of the vexed questions in carbohydrate chemistry. Definite mono- 
di- and trimethylated hexoses have been prepared by Irvine, and 
their investigation has already assisted materially in the characterisa- 
tion of the new forms of glucose which have been described on page 
14. The methods employed in their preparation consist in sub- 
jecting to methylation by the silver iodide method hexose derivatives 
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in which certain of the hydroxyl groups are shielded from attack ; for 
instance, the terminal (aldehydic) hydroxyl may be transformed to 
methyl glucoside before the operation, or other of the hydroxyl groups 
may be temporarily occupied in condensation complexes with com- 
pounds such as benzaldehyde or acetone. The partially methylated 
glucoses are obtained on submitting these compounds to hydrolysis. 

Thus, glucose diacetone forms only a monomethyl derivative, from 
which on hydrolysis 6-monomethyIglucose, 

CHsCOMe) . CH(OH) . CH . [CH(OH)]2. CH(OH), 

! 0 ! 

is obtained. It is of interest that above about SS'" C. the acetone 
groups are removed simultaneously and at the same rate. 

Both a- and ^-forms of the monomethyl glucose have been ob- 
tained crystalline and optically pure. The new compound forms a 
monomethyl glucosazone, identical with that obtained from 6-mono- 
methyl fructose, in which the methoxyl group has been proved to occupy 
the terminal position, since it yields on oxidation dihydroxymethoxy- 
butyric acid, which is incapable of forming a lactone. Neither form of 
monomethyl glucose is attacked by yeast. 

To prepare dimethyl glucose (probably the 2 , 3-compound), benzyl- 
idene a-methyi glucoside is methylated and the product hydrolysed, 
fii^t the benzylidene group and then the glucoside group being elimin- 
ated. Both a- and ^-isomerides of the compound have been prepared • 
it has the constitution : — ’ 


. CH{OH) . CH . [CH(OMe)]2 • CH(OH) 


It yields a crystalline phenylhydrazone, but, as would be expected 
no phenylosazone, since number 2 hydroxyl is not available- its be- 
haviour to enzymes does not seem yet to have been studied. 

When methyl glucoside is methylated in methyl alcoholic solution 
a tnmethylglucose methylglucoside is the main product from which 
3" S“l:nmethyl glucose is obtained on hydrolysis : 

CH,(OH) . CH(OMe) . CH . [CH(OMe)], . CH(OH) 

the or!l!-r ’ and when 

theproduchjlucose monoacetone, is alkylated a trimethyl derivative 

" “ 3-. 5-, 6-trimethylglucose on hydrofysit- 

CHsiOMe) . CH(OMe) . CH . CH(OMe) . CH(OH) . CH(OH) 

' 0 
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Probably two forms of this carbohydrate exist, but they have been 
obtained so far only in the equilibrated mixture, the optical behaviour 
of which appears to be abnormal and requires investigation. 

Denham and Woodhouse have isolated a ciystalline trimethyl- 
glucose from cellulose and show that it is the 2-, 3-, ddsomeride : — 
CH2(OMe) . CH(OH) . CH . [CH(0Me)]2 . CH(OH). 

1 o 1 

and this substance has become of considerable importance as a reference 
compound, it having been also obtained indirectly from lactose and 
from cellose : it has been fully investigated by Irvine and Hirst and 
its constitution established beyond question. It does not form a 
crystalline derivative, but a procedure for its separation from other 
sugars and its identification is described in detail, based in the main on 
the conversion of the impure trimethyl glucose into the corresponding 
glucoside by Fischer's method When oxidised with nitric acid, one 
methoxyl group was removed with the consequent formation of a di- 
methyl saccharic acid, which was isolated in the form of the diethyl 
ester. The corresponding lead salt was also prepared, the alkyloxy- 
content of which confirmed the idea that one methoxyl group was 
eliminated in the formation of the oxidation acid. The series of re- 
actions involved may be expressed as under : — 


CH .OH CO . OH 

CH . OMe CH . OMe 

\ I i 

\ CH . OMe CH . OMe 

\CH CH . OH 

I I 

CH .OH CH . OH 

CHg . OMe CO . OH 


CO.OEt CO-0 

CH.OMe CH.OMe 

CH . OMe CH . OMe 

I I P 

CH . OH CH . OH 

CH .OH CH . OH 

CO.OEt CO.O 



It is important to note that under parallel conditions the action of 
nitric acid on 2 : 3 : 5-trimethyl glucose leads to an entirely different 
result (Irvine and Oldham). The product obtained by them was the 
monoethyl ester of trimethyl saccharolactone, which, when converted 
into the dibasic acid, was readily transformed into the corresponding 
lactonic acid : — 
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Acetone Derivatives. 

Glucose and the other sugars combine with acetone in presence of 
hydrogen chloride forming mono- and di-acetone derivatives (Aopropy!- 
idene ethers) which no longer reduce Fehling’s solution. Enzymes are 
without action on these. The structure of these compounds, which is 
very complicated, is still the subject of controversy : it is therefore 
necessary to indicate the alternative views. 

Glucosediacetone is considered by Irvine and Patterson to be a 
derivative of y-glucose and a propylene oxide structure is assigned 
to it (I.) ; on methylation it is converted into 6-monomethylglucose- 
diacetone (II.) ; the position of the methyl group shows that the un- 
substituted hydroxyl group in the parent compound is terminal. On 
hydrolysis a Ixvorotatory monomethyl-y-glucose (HI.) is at first 
formed but this undergoes transformation into the dextrorotatory 
butylene oxide form (IV.). This view of the change is confirmed by 
removing an rVupropylidene residue from the diacetone forming a laevo- 
rotatoiy monoacetone (V.), methylating this to a trimethylglucose 
monoacetone (VI.) which is likewise laevorotatory and on hydrolysis 
yields the laevorotatory trimethyl y-glucose (VII.). 


I— CH— 0 
1 I >CMe. 

0 CH-0 

1 I 

CH 


Reactions of Glucosediacetone. 
11. III. 

CH . OH 

I I 

0 CH.OH 

1 I 
I— CH 


CH— 0 


CH— 0 

cIhj.oh 

(lavo) 


>CMe2 


0 

i 

U» 

1 

CH—O 

I >CMe, 
CH— 0 

(^Hj.OMe 

(laevo) 


IV. 

cIh . OH 

I 

CH.OH 


CH.OH 

I I 

CH . OH CH- 


Methylation. 


CH. OH 

iHs.oiy 

(laevo) 


in .OH 

!:Hs, . OM^ 
(dextro) 


CHa.OMe CHg.OMe 


Hydrolysis. 


Transformation 
to butylene- 
oxide type. 


V. 


Reactions of Glucosemonacetone, 


CH— 0 


VI. 
CH — 0 


— yn— u (— UW— O CH . 

i i in. 


VII. 

■CH . OH 


Uh 

1 


Li: 


;h 


i-i 


OH 


iH 


CH.OH 

Jh.oh 

I 

CHs.OH 

(l«evo) 


CH . OMe 

in . OMe 

C^Hj.OMe 

(laevo) 


Methylation. 


No trans- 
1 formation to 

CH . OMe butylene-oxide 
I type possible. 

CH . OMe 

CHo.OMe 

(laavo) 


Hydrolysis^ 
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It would appear from the foregoing that the oxygen linkage of a 
reducing sugar may alter its position to accommodate the action of a 
particular reagent The configuration of stable glucose being unfavour- 
able to the formation of a diacetone derivative, it becomes transformed 
to the 7-sugar at the moment of condensation : indeed Armstrong and 
Hilditch have indicated that a definite small proportion of this form of 
glucose is produced in presence of hydrogen chloride. In the case of 
fructose, condensation is naturally effected with the stable butylene 
oxide type of the sugar and 7-fructose when present is converted under 
the influence of the acid into this form. 

According to the alternative view, advocated by Karrer and 
Hurwitz from the observation that glucose diacetone is stable towards 
alkaline permanganate and that the terminal carbon atom is therefore 
involved in the condensation, the free hydroxyl group occupies position 
■3 so that formula (VIIL), containing a butylene oxide ring, 

VIIL 
— CH.Ov 

}CMe^ 

0 

CH . OH 
— CH 
CH -0\ 

CHo-O/ 

represents glucose diacetone. This is partly supported by the observ^’a- 
tions of Freudenberg and others. 

Glucose diacetone condenses with toluenesulphochloride, one acyl 
derivative being introduced according to Freudenberg^s work in 
position 3 : it may be hydrolysed to toluenesulphoglucose and this 
converted into an acetobromo derivative and further into an acyl- 
methylglucoside. Inasmuch as the acyl acetobromo compound does not 
take up a further bromine atom in position 6, Freudenberg admits 
there is a possibility that the acyl group occupies this position. In a 
subsequent paper Freudenberg and Brauns are inclined also to adopt 
position 6 for the acyl group and also for the free hydroxyl in diacetone 
glucose, basing their conclusion on the behaviour of its hydrazine 
derivative. Freudenberg and Doser find that hydrazinodiacetone 
glucose is converted by cold concentrated hydrochloric acid into 
trihydroxypropylpyrazole and this yields pyrazole-3-carboxylic acid on 
oxidation with permanganate, from which it follows that the hydroxyl 
group in position 3 of diacefone glucose i? ur^substituted. 
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Confirmation of Irvine’s views on the structure of glucose diacetone 
is perhaps afforded by the behaviour of the pentoses, xylose and 
arabinose, both of which form diacetone derivatives. As Freudenberg 
and Svanberg show, the formation of the xylose compound demon- 
strates that the five carbon atom skeleton of glucose is capable of 
combining with two acetone residues, and this in addition confirms 
the possibility that dextrose diacetone has position 6 unsubstituted. 
Xylose diacetone is best formulated as a derivative of 7-xylose with a 
propylene oxide ring : — 


HCOv 

• ^CMCg 

0 HCO/ 

1 • 

1 

HCOr 
. >CMeo 
0 HCO/ 

1 CH 

^ CH 

HCOv 
* >CMe. 

HgCO/ 

Diacetone xylose. 

yOCH 

CMe2< • 

\OCH 2 

Diacetone arabinose. 


Similarly the diacetone arabinose originally described by Fischer 
is best formulated as a propylene oxide derivative. The alternative 
amylene oxide structures for both compounds are to be regarded as 
less probable, but the possibility that the zr^^propylidene residue is not 
necessarily attached to neighbouring carbon atoms, as was supposed 
by Fischer, must not be altogether excluded and Freudenberg pictures 
one such residue being attached to carbons 3 and 5 in the case of 
xylose, the oxide ring being in the i : 4 position. In this connection 
Mannich and Brose describe a diacetone compound of Tollens’ 
enneaheptitol, obtained by the condensation of acetone and formalde- 
hyde in the presence of calcium hydroxide. The parent substance has 
the structure of a 1:3 glycol so that the formation of an acetone 
dmvative is remarkable : it had been assumed previously that acetone 
derivatives are only obtainable from polyhydroxy alcohols which have 
the hydroxyl groups attached to adjacent carbon atoms. 

Acetone glycerol was originally shown by Irvine and Souter to 

0 CH 

be isopropylidene-glycerol CMe/ ' • ^ : it was used by 

0 . CH . CHgOH 

hischer and others for the synthesis of a-monoglycerides. Further 
confirmation of the constitution is found in the fact that trimethylene- 
glycol does not condense with' acetone under conditions which readily 
yield products with ethylene and propyleneglycols 

The preparation of partly acylated sugars has a special interest in 
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view of the natural occurrence of populin (a benzoylglucoside) and 
delphinidin (a complex /-oxybenzoyl-glucoside). 

Glucal. 

HO . CHo . CHOH . CH . CHOH . CH : CH 


When yS-acetobromoglucose is reduced by zinc dust and acetic acid, 
a peculiar compound, to which Fischer has given the name of glucal, 
is produced (after removal of the acetyl groups). As originally pre- 
pared it was a slightly sweet, soluble, viscid syrup of aldehydic 
properties, which possessed one unsaturated linkage since it absorbed 
two atoms of bromine. Further study by Fischer, Bergmann, and 
Schotte has proved that when obtained pure and in crystalline con- 
dition it does not show the reactions of an aldehyde. The formula 
above is assigned to it for the following reasons : — 

Glucal triacetate can be converted into ^/-glucosephenylosazone, 
thus showing that glucal contains the normal carbon chain present in 
dextrose, and also that a saturated carbon atom unattached to oxygen 
is not present. The transformation of glucal triacetate into ^-arabin- 
ose by means of ozone proves the double bond to be between the first 
and second atoms of the carbon chain. The presence of the furan 
ring accounts for the colour reaction with a pine shaving and the ob- 
served individuality of one of the acetyl groups of glucal triacetate. 
Only three oxygen atoms of hydroglucal are present in hydroxyl 
groups, and the stability of the substance towards hydrochloric acid 
renders the presence of an ethylene or trimethylene oxide ring im- 
probable. The location of the tetramethylene ring in the glucal mole- 
cule is deduced from the smooth conversion of glucal triacetate into a 
derivative of glucose, and from the proof that the carbon atom, 6, 
does not participate in the formation of glucal. 

Crystalline glucal is most conveniently prepared by hydrolysing 
glucal triacetate with absolute methyl alcoholic ammonia : the needles 
or leaflets have [ajo - 7 '2°. The reducing constituent of ordinary 
glucal preparations is 2-deoxy glucose. 

HO . CH, . CHOH . CH . CHOH . CH. . CHOH 

! o 1 

A means is thus afforded of studying the effect of changes on 
carbon atom 2 of the sugar molecule. 

When oxidised with perbenzoic acid glucal is almost completely 
converted into mannose. The dibromo and crystalline dichioro addi- 
tion products of glucal are mixtures of isomerides as two carbon atoms 
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become asymmetric in their preparation. The halogen attached to the 
terminal carbon is easily exchanged formethoxyl and isomeric methyl- 
glucoside- 3 -bromohydrins are formed, which differ in the position of 
the bromine atom on carbon 2. 

The influence of structure on chemical behaviour is strikingly 
brought out by the actions of acids and of ammonia on these isomer- 
ides : whereas one form is very resistant to hot strong hydrochloric 
add but easily attacked by ammonia, the other shows exactly the 
reverse behaviour. 

On reduction of either form of methylglucoside-/S-bromohydrin 
with sodium amalgam / 9 - 2 -deoxymethylglucoside is formed 
HO . CH2 . CHOH . CH . CHOH . CH^ . CH . OMe 


Ammonia converts one of the isomeric bromohydrins into methyl- 
^//-glucosamine of which the structure has still to be determined. Its 
tetra-acetate is not the same as that described by Hamlin. 

Rhamnal, 

HOCHMe. CH . CHOH . CH : CH 


prepared by the reduction of acetobromorhamnose and hydrolysis of 
the diacetate, is analogous to glucal : it is oxidised by perbenzoic acid 
to rhamnose. 


2-DeoxygIucose. 

HO . CHj . CHOH . CH . CHOH . CH^ . CHOH 


reduction of the hydroxyl on carbon 2 of the glucose tnolo- 
colo lead, to a glucose derivative and glucosides, which have striking 
properties : It is termed 2-deoxyglnco,e or glucodesose and is hardly a 
tme sapr though the fact that digitoxose is a 2-deoxymethylpe„tL 
^ds tote ,n,e« of the group. It is best prepared by h^l)^ s 
rfmmethy gtacal by mean, of methylaiccholic ammonia toglLTaS 

powder [a]„ +466 which is not mutarotatory although it has been 
related in two forms. It reduces Fehling/solution'fo Irhydr 
zones but is specially characterised by the extreme eas; in which h is 

product has [a] + 137.3 ^h^^eas the ^-isomeride.has 
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[£t]o “ 48 *2°, the difference in the specific rotations 
the same as that between the methylglucosides. 

The two methyldeoxyglucosides are equally sensitive towards 
acidic hydrolysing agents and closely resemble in this respect 7-methyl- 
glucoside. 

Crystals of either a or /3-2-deoxyglucose can be obtained at will 
by concentrating the aqueous solutions and seeding. In aqueous 
solution either form has [ajc + 46*6°, mutarotation proceeding very 
rapidly but in pyridine the rotation of the /3-form changes from 4- 1 5° 
to + 90°, the a form having [ajo + 90°. On reduction 2-deoxysorbitol 
is obtained and on oxidation with bromine 2-deoxygluconic acid is 
formed. 

Neither glucoside is affected by yeast extract or by emulsin. 

The comparative behaviour of the glucosides and the glucodesosides 
towards acids, both compounds being considered to contain i : 4 buty- 
lene oxide bridged rings, is of particular importance for the structural 
chemistry of the sugars as indicating that the conclusions based on the 
comparative stability of compounds are liable to error if substances 
of broadly similar constitution may possess very varying degrees of 
stability. 

In order to throw further light on this question Bergmann and 
Meikeley have studied the behaviour of 4-acetyl-;ir-butyl alcohol, 

CHg . CO . CHa . CHa . CHg . CH^ . OH, 

which is likewise characterised by the extreme readiness with which 
it is converted to an acetal. Methylalcohol even in presence of 
quantities of acid as low as N/2000 causes quantitative acetalisation 
in a few minutes, and similarly the hydrolysis of the acetal is affected 
with unusual ease. Writing the formulae of the alcohol and semiacetal 
as follows : — 

/CH2.CH2V 

HO . CMe ( >CH2 

\ O . CHg/ 

CH. . CHo. 

MeO . CMe < ^CHa 

\ O . CH3/ 

the structure of the i : 5 bridged amylene oxide ring is obvious, but 
inasmuch as 3-acetyl-;2-propylalcohol is equally sensitive the length of 
the ring cannot in itself be the cause of the behaviour. In any case 
extreme sensitiveness to hydrolysis can no longer be assumed as 
dependent on^ the presence of the ethylene oxide ring. 

The Lib ' B'lore , S^amylene oxide Tings in 

547.78 N24 
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the sugars has also been considered by 
S-Hydroxyhexaldehyde, 

^CHa.CHMes^ 

“\ch.,.choh/ 


Helferich and 

o, 


Malkomes. 


is stable in the cyclic form and behaves in many ways similarly to a 
reducing sugar forming hydrazones, and a methyl derivative with 
alcoholic hydrogen chloride which has the properties of a glucoside : 
it is not, however, hydrolysed by enzymes, 

A further close analogy with the aldoses is exhibited by this com- 
pound and by 7-hydroxy valeraldehyde, which can be converted by 
boiling their ethereal solutions with anhydrous copper sulphate into 
products which are in many ways similar to disaccharides of the 
trehalose type (Helferich and Weidenhagen). These compounds are 
smoothly hydrolysed by dilute acids. 


Glucosan. 

It has long been known that when cellulose, starch or certain 
natural glucosides are subjected to dry distillation under reduced pres- 
sure (Pictet) a crystalline anhydroglucose hitherto known as Icevo^ 
glucosan is produced. Irvine and Oldham have converted this glucosan 
into trimethylglucosan and trimethylglucose and established it as 
^-glucosan with the structure 

1 ^ I 

CHs . CHOH . CH . CHOH . CHOH . CH 


/ 9 -glucosan has no structural relationship to cellulose, starch, or the 
glucosides, but is undoubtedly formed by the dehydration of /?- 
glucose when quickly heated under reduced pressure : it can be distilled 
unchanged, the product having m.p. i78°-i8o°, [a]^ - 65*4'’. Pictet 
assigned the above structure to Isevoglucosan and deduced from it the 
space formula of j8-glucose as having the OH groups on carbons 
I and 2 on opposite sides of the carbon chain (see p. 8). 

Pictet following Gelis has shown that by heating a-glucose at 
150^-155*^ under a pressure of 15 mm. a-glucosan is obtained [a],, + 
69-8°, m.p. io8°-io 9^ It is very deliquescent, reduces Fehling’s solu- 
tion and when boiled with water gives glucose again. 

It is considered by him to possess an ethylene oxide structure 

CH,OH . CHOH . CH . CHOH . CH . CH 
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such as would arise owing to the presence in a-glucose of two hydroxyls 
on the same side of the chain attached to carbons i and 2. The 
preparation of a ^Geducing'^ trimethylglucosan by Cramer and Cox 
confirms this formula. 

The glucosans are polymerised on heating, a-glucosan giving a 
diglucosan at 1 5 mm. and a tetraglucosan at ordinary pressure. These 
polymerides have lost their aldehydic nature. Better results are 
obtained using zinc chloride to effect polymerisation. j 3 -glucosan 
under these conditions gives a mixed tetraglucosan ; the tetraglucosans 
yield dodeca-acetates on acetylation and thus differ sharply from the 
polyamyloses which cannot be completely methylated or acetylated. 

Fructose and galactose give similar products when heated. 

According to Karrer, jS-glucosan is obtained quantitatively on warm- 
ing tetra-acetylglucoside trimethylammoniumbromide with an alkali. 

Glucosan dissolves in concentrated hydrochloric acid to form a- 
glucosylchloride in which the chlorine atom is mobile, rendering the 
compound useful for the synthesis of glucosides and disaccharides of 
the a- series. 

The diglucosan obtained by A. and J. Pictet by polymerisation of 
glucosan is believed to be a- i-glucosy 1-2-glucose : 

/CH(OH) . 0 

CsHnOs-O.CH/ | 

\CH(OH) . CH . CHOH . CH^OH 

By heating together equimolecular proportions of a- and ^-glucosan 
Pictet obtained a dextrin which, when boiled with oxalic acid, yielded 
a syrup from which maltose was isolated in the form of its octanitrate. 

According to Pictet and Reichel, when glucosan is triturated with 
anhydrous chloral and concentrated sulphuric acid, there is obtained 
an insoluble substance together with the parachloralose obtained by 
the action of chloral on dextrose. Laevoglucosan, on the other hand, 
gives the same insoluble substance and chloralose, which is also ob- 
tained from chloral and dextrose. It is probable, therefore, that in 
the formation of chloralose and parachloralose from glucose, de- 
hydration of glucose first occurs with formation of the two glucosans, 
which react with the chloral before they have time to polymerise. A 
consideration of their properties leads to the formula 

OH . CHa . CH(OH) . CH . CH(OH) . CH(OH) . CH . CO . CCI3 

^ 0 ! 

for parachloralose and 

I ^ ^ 1 ^ 

CHg . CH(OH) . CH . CH(OH) . CH(OH) . C . CH(OH) . CCI3 

I. — _ — 0 ^ 


for chloralose. 
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An octitol has been isolated from the mother liquors of the sorbitol 
preparation from the fruit of some of the RosacecB, 

These alcohols are similar in properties to mannitol. Their 
physical constants are collected below : — 


TABLE XIL 


Alcohol. 

Melting-point. 

optical 

Rotatory Power 

Erythritol . 

126° 

inactive 

Adonitol .... 

102° 


Mannitol .... 

168° 

-f- 22*5° 

Duldtol .... 

188° 

inactive 

Sorbitol .... 

110° 

+ 12*3° 

Persitol .... 

180° 

- 1 * 3 ° 

Volemitol .... 

151° 

•f 2*2° 

jS-Sedoheptitol . 

128° 

inactive 


Starting from glucose, Philippe has synthesised the higher alcohols 
of this series, obtaining them by reduction of the corresponding aldoses. 
a-GIucoheptitol is optically inactive and therefore symmetrically con- 
structed. jff-GIucoheptitol has slight optical activity, the same applies 
to (aa)-gluco-octitol, to (aaa)-glucononitol and to (aaaa)-glucodecitol, 
which are therefore all asymmetric in configuration. They are 
crystalline substances resembling mannitol in their properties. 

The polyhydroxy compounds can be coupled with acetone or 
benzylidene residues : fortunately these substances can be methylated 
by methyliodide in presence of silver oxide without decomposition, 
and it has thus been possible to study the influence of the position of 
the hydroxyl groups : — 


TABLE XIII. 




Number of Hydroxyl Groups 

Alcohol. 

Number of Hydroxyl 

which React with 

Groups Present. 




Acetone. 

Benzaldehyde. 


Erythritol 

4 

4 

4 

Arabitol 

1 5 



Duldtol 

1 6 



Sorbitol 

1 6 

6 

4 

4 

6 

Mannitol 

6 

6 

Glucoheptitol 

7 

6 

2 


The series of reactions summarised above shows that the relation- 
ship between configuration and condensation is very complex, and 
that the action of acetone is less irregular than that of benzaldehyde. 




Ill 
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Two types of condensation are possible, depending on whether the 
hydroxyl groups concerned are on the same side or on opposite sides 
of the carbon chain : — 


H— C— 0\ 

I >CMe„ 
H— C— 0/ 

Cw-condensation. 


O—C— H 

L„j CMeg 

rmMs-condensation. 


It is generally accepted that the ketonic residues are coupled as 
five-membered rings. 

The study of mannitoltriacetone by Irvine and Patterson has 
shown that it is hydrolysed in stages, both diacetone and monoacetone 
being formed in turn. The three ketonic residues are symmetrically 
attached to a-carbon atoms, and this difference in stability indicates 
that the substituents possess the trans-, ^;"^;z^-(:?k-arrangement 
The formula of triacetonemannitol is thus — 



According to this the terminal alcohol groups in mannitol, though 
unconnected directly with an asymmetric carbon atom, assume pre- 
ferentially different positions in virtue of the attractive and repulsive 
forces exercised by the remaining hydroxyl groups. 

This fact explains the resistance of mannitol to complete alkyla- 
tion, one of the terminal primary hydroxyl groups remaining unat- 
tacked although the other offers no such resistance. The constitution 
of pentamethyl mannitol is — 

OMe H H OMe OMe OH 


CH« 

1 1 1 
— c C C— 

CHg 


OMe OMe 

k 

6 

5 4 3 

Z I 


Complete methylation would thus involve the substitution of three 
adjacent hydroxyl groups on the same side of the carbon chain ; such 
a process would naturally present difficulties which would not arise 
were the terminal carbon atom able to take up either position. 

According to the older views a di- derivative of mannitol involving 
groups I and 2 would be identical with one in which 5 and 6 were 
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similarly substituted On the basis of the new formula this would not 
be the case, but Irvine and Steel have been able to demonstrate for the 
methyl derivatives that though mannitol contains six reactive hydroxyl 
groups numbers I and 2 are unique, and principally responsible for 
the increase in conductivity of mannitol in presence of boric acid.^ 
aa-Diaryl derivatives of the alcohols have been obtained by Paal 
by the application of the Grignard reaction to fully acetylated gluco- 
nolactone. Diphenyl, ditolyl, and dibenzyl sorbitol and dulcitol are 
thus prepared. The dulcitol compound on warming readily forms an 
internal anhydride probably 


CH 


H 

i . CHoOH 

‘11 11 “ 

OH H H OH 

Mannitol has been converted into methyl-a-pyrone, 
^CH . CHMe\ 

< .^0, by treatment with formic acid. 


- 0 - 


H OH 
CPho C C— 


The diformate of the mannitan, CgHj 205 J decomposes into carbon 
dioxide and the pyrone and also into carbon monoxide and isomannide 
(Windaus and Tomich). 


The Inositols or Cycloses. 

The molecular formula CgHjaOg is common not only to the im- 
portant classes of aldohexoses and ketohexoses, but is shared by certain 
cyclic polyalcohols such as the hexahydrocyclohexanes. These sub- 
stances, a number of which are found in nature generally associated 
with true sugars, contain no carbonyl group and are therefore not, 
strictly speaking, members of the carbohydrates. On the other hand, 
they are not only isomeric with the latter but possess a sweet taste, 
are high-melting crystalline compounds, generally soluble in water, 
and exist in various stereoisomeric modifications, some of which are 
optically active ; so that the superficial resemblance to the true hexoses 
is close and justifies their inclusion, in a work dealing with natural 
carbohydrates. 

Moreover, a perhaps fanciful analogy may be drawn between the 
hexoses CgHjgOg, the methylpentoses CgHigOg, and the methyltetrose 

^ Many sugar and other polyhydroxyl alcohols have their specific rotation increased in 
the presence of boric acid. Boeseken has shown that such increase is always accompanied 
by a notable increase in conductivity, and further that this double effect only takes place in 
oompounds in which two hydroxyl groups are attached to neighbouring carbon atoms on 
the !5^e 'Side O'f the chain. 
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digitoxose CgHio04 on the one hand, and the following series of 
natural cycloses in which the number of hydroxyl groups are simi- 
larly decreased : — 


the inositols, 
the quercitols, 

of which quinic acid, C8H7(OH)4 . 
derivative. 


COOH, is a carboxylic acid 


If the series is extended to the members CgH^203, QH12O2 and 
it becomes clear that these compounds are simply hydro- 
genated phenols ; the less oxygenated members of the group haVe not 
been found in nature, but hexahydrophenol, CgHii(OH), quinitol or 
hexahydroquinol, CgHjo(OH)2, and phloroglucitol (hexahydrophloro- 
glucinol), CgH9(OH)3, have been prepared synthetically by the Sabatier 
method of hydrogenation of the respective phenols over reduced nickel, 
whilst quinitol was first synthesised by Baeyer by alkaline reduction 
of /-diketohexamethylene, and phloroglucitol had been similarly pre- 
pared from phloroglucinol and sodium amalgam. 

It is of interest that just as glycollic aldehyde is the first sweet 
tasting sugar in the monosaccharides, so quinitol possesses a sweetish 
taste, although hexahydrophenol does not; as usual, the presence in 
close contiguity in the molecule of more than one hydroxyl group 
appears necessary for the development of this physical property, 
at all events in the case of simple compounds of carbon, hydrogen, 
and oxygen. 

The stereoisomerism of the cycloses demands some explanation, 
since it is not due to the simple “atomic” asymmetry of the carbon atoms 
as in the simple sugars. Thus, in the case of the inositols CgHx/OH)® 
there are no ‘‘asymmetric carbon atoms” of the conventional type, 
but both dextro- and laevorotatory forms of the substance are known ; 
if, however, the steric formula be examined it will be seen that the 
hydroxyl groups may lie on either side of the plane of the carbon 
ring-system. 

For example we may have — 


H 

H 

OH 

OH 

H 

H 

/C — 

“oh\ H 

h/h“ 

h\h 

oh/oh”“ 
and C\ ^ 

oh\^oh 

Xc~~ 

g/oH 

Ol\°cX 

h /oh 
—0/ 


OH 

OH 

H 

oh 

OH 

H 


(i) 

(i 

i) 

(iii) 

(i) is 

a symmetrically arranged molecule identical with 

its mirror 


image, but (ii) and (iii) are mirror-images of each other and non-super- 
posable, although it is difficult to show this clearly in a plane illustration, 

8 



33 


THE CARBOHYDRATES AND THE GLUCOSIDES 


When maltose is slowly heated to i6o° under reduced pressure 
(15 mm.) it is converted into an anhydride maltosan, similar to 
glucosan, though the anhydride ring of the former is more stable. 
Pictet and Marfort regard it as a glucosyl anhydroglucose in which 
one glucose residue contains propylene and butylene oxide rings : 

I ^ 

. CHa. CH(OH) . CH . CH . CH(OH) . CH 

I o ! 

It will be evident from the foregoing outline of the behaviour of 
glucose that the sugars are remarkable even in comparison with all 
other organic substances in regard to the number of different forms 
in which they can react. The stable crystalline form of glucose is 
undoubtedly the butylene oxide modification, a conclusion in harmony 
with the known great stability of this class of ring. In solution, less 
stable reactive forms of glucose are present, as well as the stable forms ; 
in the writer's opinion, in alkaline solutions this form has the open 
ring or enolic structure which, indeed, is not very remote from the 
free aldehyde, the most probable form in acid solutions being the 
ethylene or propylene oxide, a class of ring which is exceedingly 
unstable. The amount of this form present apparently depends on 
the strength of the acid (hydrogen ion concentration) and there is a 
state of mutation between butylene oxide and other oxide isomerides. 

As will be seen subsequently, in the case of fructose, other in- 
fluences prevail and other forms than the ethylene oxide are more 
probable in reactive solutions. In the body it is probably the reactive 
forms of the sugar which are concerned in metabolism. For the 
moment the term ry-sugar is applied to these, but it is probable that 
the reaction ” of the medium in which change is taking place will 
largely determine the nature of the form of the sugar present, and it is 
from this point of view that the explanation of the effect of hydrogen 
and hydroxyl ion concentrations on enzymes and so-called vital 
changes must be sought. 



CHAPTER II. 

STEREOISOMERISM— ISOMERIC CHANGE— STRUCTURE. 

The description of the derivatives of glucose in the previous chapter 
has made it clear that several isomeric forms exist and that change 
from one to the other is possible. It is desirable to consider this 
question in greater detail as well as the general stereochemical relation- 
ship of the sugars. 

Stereoisomerism of the Aldohexoses. 

A compound represented by the empirical formula, 

CHaPH) . CH(OH) . CH(OH) . CH(OH) . CH(OH) . CHO, 

containing four asymmetric carbon atoms, should, according to the 
Le Bel-Van’t Hofif hypothesis, be capable of existing in sixteen stereo- 
isomeric forms, eight of which would be mirror images of the other 
eight and of equal but opposite rotatory power. 

Thus, corresponding to ordinary dextro-glucose (^-glucose), there 
should be a laevorotatory isomeride (/-glucose) of equal and opposite 
rotatory power, of like configuration but having the dissimilar radicles 
in reversed order.^ In point of fact, when glucose is prepared by arti- 
ficial means from optically inactive material, a mixture in equal pro- 
portions of d and I forms is actually obtained. Such a mixture is 

^ The formulas assigned to d- and /-glucose are chosen arbitrarily ; that is to say, it 
is assumed that in the df-form the groups occupy a certain position, whence it follows that 
in the stereoisomeride they are present in the reversed position. For the original proof of 
the validity of the formulae and the arguments by which they are deduced, the reader is 
referred to Fischer’s summary in the Berichte der deuischen chemischm Gesellsckaft for 
1894 (p. 3189). A further convention is to indicate as belonging to the i-series all com- 
pounds derived from dextro-glucose by simple reactions which leave the stereochemical 
structure of the molecule unchanged. In many instances, as for example <i-fructose and 
i-arabinose, the new compound rotates polarised light to the left, so that the prefix does 
not give a correct indication of the sense of the rotation. Similarly all compounds derived 
from lagvo-glucose are designated as of the /-series though they may be dextrorotatory. It 
has been possible to connect the amino acids, hydroxy acids and some other optically active 
substances with dextro-glucose, so that the prefix d has a very definite significance in these 
cases, the number of which is likely to increase. Unfortunately, in other cases the prefix 
merely denotes the sign of the rotation, so that (/-mandelic acid, for example, which is 
dextrorotatory, forms a lasvorotatory nitrile, which is therefore termed /-mandelo nitrile. 
A new symbol other than d to connote relationship to d-glucose appears highly desirable, 

33 3 
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optically inactive — whether the two forms actually combine or merely 
neutralise one another in optical effect is unknown. 

Although only three aldohexoses occur naturally (glucose, man- 
nose, galactose), fourteen of the sixteen possible isomerides are now 
known. Emil Fischer, to whom we owe the discovery of this remark- 
able series, has not only shown how they may be prepared, but has 
made them in such ways that their structural relationship may be 
regarded as established. His results are summarised in the followinp* 
table : — 

TABLE II. 

Aldohbxoses. 


CHO 

CHO 

H OH 

HO H 

H OH 

HO H 

HO H 

H OH 

HO H 

H OH 

CHgOH 

CH3OH 

/-Mannose. 

d-Mannose. 

CHO 

CHO 

HO-Lh 

H OH 

H OH 

HO H 

HO H 

H OH 

H OH 

HO H 

CH2OH 

CHjOH 

/-Idose. 

d-Idose. 


CHO CHO 

HO H H OH 

H OH HO H 

HO H H OH 

HO H H OH 

CHaOH CHsOH 

/-Glucose. c/-Glucose, 

CHO CHO 

H OH HO H 

H OH HO H 

HO H H OH 

H OH HO-^Lh 

CH^OH CHgOH 

/-Gulose. ^-Gulose. 


CHO 

HO-~~H 

H OH 

H— OH 
HO H 

CHgOH 

/-Galactose. 

CHO 

HO H 

HO H 

HO H 

HO-~-_h 

CH3OH 

.i-Alloee 


CHO 

H OH 

HO H 

HO H 

H OH 

CHgOH 

^/-Galactose. 

CHO 

H OH 

H OH 

H OH 

H OH 

CH3OH 

^-AUose. 


CHO 

H OH 

H OH 

H OH 

HO H 

CH„OH 

/-Talose. 

CHO 

H OH 

HO H 

HO H 

HO H 

CHgOH 

/-Altrose 

unknown. 


CHO 

HO H 

HO H 

HO H 

H OH 

CH3OH 

^/-Talose. 

CHO 

HO H 

H OH 

H OH 

H OH 

CH^OH 

^/-Altrose. 
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As two modifications of each of the four possible closed-chain oxide 
forms should exist corresponding to each of the open chain aldehydic 
forms, a very large number of isomeric '' glucoses ” is foreseen by 
theory. 

The last four aldohexoses in the table remained unknown to 
Fischer, though he pointed out that they v/ere to be derived theoreti- 
cally from the isomeric riboses, only one of which had at that time been 
prepared. The discovery by Levene and Jacobs that d-rlhose is a 
constituent of nucleic acid, from which it can be obtained in quantity, 
has enabled two of the missing aldoses to be prepared. By the 
application of the cyanohydrin synthesis (p. 72) to ^f-ribose, ^f-allose 
and ^aT-altrose were obtained as syrups both yielding the same phenyl- 
osazone. Their behaviour on oxidation is in agreement with the 
structural formulae assigned to them. 

It is desirable to indicate briefly the manner in which the configura- 
tion of the sugars has been determined, as the same methods serve in 
the case of new compounds which may be found to occur naturally. 

The most straightforward method of procedure is to determine first 
the structure of the pentoses and from them that of hexoses. 


CHO CHO CHO CHO 


OH 

OH 

HO— 

H— 

— H 
—OH 

H— i—OH 

HO H 

00 

— 

-H 
— H 

OH 

H- 

—OH 

H— 1 — OH 

H- 

— 

—OH 

CH2OH 

CHoOH 

CH2OH 


CH2OH 


I. 2. 3- 4- 

There are eight possible aldopentoses, that is four pairs of optical 
antipodes, and considering only the d forms there are four alternative 
formulae. 

The relevant facts are : — 

(1) Arabinose and ribose give the same osazone, hence their con- 
figuration must be identical except as regards the a-carbon atom. 
And arabinose and ribose must be (i and 2) or (3 and 4). 

(2) On oxidation arabinose gives an optically active dibasic acid ; 
ribose and xylose give optically inactive dibasic acids. Pentoses 2 
and 4 will give an optically active dibasic acid, from i and 3 the acids 
will be optically inactive. 

Hence arabinose is either 2 or 4, ribose and xylose are i and 3, 
lyxose is either 4 or 2. 

(3) When HCN is added to the pentose and a new asymmetric 
carbon atom introduced, and the compound is subsequently oxidised 
to a dibasic acid it is found that arabinose gives a mixture of two acids 

3 * 
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both of which are optically active, whereas lyxose gives a. mixture of 
two acids, one active and one inactive. 

This can only happen in the case of 4 : — 

COOH COOH 


CHO 
HO-I— H 

ho-Uh 

H— —OH 


H— 

HO— 

HO— 

H 


I— OH 
■H 

a 

.OH 


and 


HO 

HO— 

HO- 

H- 


COOH 
Inactive. 


•H 

I— H 
a 

•OH 
COOH 
Active. 


Accordingly lyxose has the constitution 4 so that arabinose is 2, 
ribose i , and by elimination xylose is 3 . 

Proceeding from the pentoses to establish the formula of the 
bexoses we have 

(r) Arabinose gives rise by Kiiiani's reaction (addition of HCN) to 
two hexoses, glucose and mannose : — 

CHO CHO 

-l-H 
-l-H 
-OH 
-I— OH 

CHgOH CHgOH 

2. 5. 6. 

Hence glucose must be either 5 or 6. 

(2) The same dibasic acid is produced on oxidation of glucose as 
from another hexose gulose, viz. saccharic acid. This means that the 
configuration of each of the four asymmetric carbon atoms is the same 
and that, therefore, the difference between the two sugars is that their 
primary alcohol (CHgOH) and aldehydic groups are interchanged : — 


CHO 

H— 

-OH 

HO— 

HO— 

-H 

HO— 

— H and 

HO— 

H- 

i-OH 

H— 

-OH 

H— 

H- 

1 — OH 

H— 

-OH 

H— 


CHO 


CO.H 


CH2OH 


H— 

HO— 

—OH 
-H ^ 

H— 

HO— 

—OH 
— H «« 

H — 1 

HO— 

—OH 
— H 

1 1 
00 

H— 

—OH 

H— 

—OH 

H— ’ 

—OH 

H- 

H— 

—OH 

H— 

—OH 

H— 

—OH 

HO-I 

C 

CHgOH 

COaH 

C 

:ho 

5 

. 

2. 

7 




CHO 
•H 
■H 
I— OH 

I— H 


In the case of 5 a new sugar 7 is formed by this process : — 


HO- 

HO-j 

'.hJ 

H- 


CHO 


■H 

—OH 

—OH 


HO- 

HO- 


H- 


-H 

-H 


H— OH 


-OH 


COJi 


HO 
HO— I 
H- 

H-i 


H 
— H 
OH 
•OH 
CHO 
8 . 


HO— 1 
HO 
H- 
H- 


CHO 


I— H 

I— H 

OH 

OH 


whereas in the case of 6 the same sugar 8 is formed. 

Accordingly, glucose is represented by formula 5, mannose by 
formula 6, and gulose by formula 7. An extension of the reasoning 
leads to the formulae for the other hexoses. 



STEREOISOMERISM-- ISOMERIC CHANGE, ETC. 37 


A useful suggestion for the simplification of the symbols showing 
the steric relationships of the sugars has been made by Wohl In- 
stead of writing the whole formula vertically attention is confined to 
the H and OH groups on one side of the molecule (the right) only, and 
these are written down in order. If it is agreed to consider the alde- 
hyde group as being to the right of the formula when written horizon- 
tally, ^-glucose is OH OH H OH. 

The following table shows all the possible tetrose, pentose, and 
hexose sugars derived from ^-glucose, i.e. THE SUGARS OF THE 
d SERIES, according to both Fischer’s and Wohl’s symbols ; — 


TABLE III. 


Triose. 


OH 

+ 

^i-Glycerose. 


Tetroses. 


Ori OH 

+ + 
ff-Erythrose. 


OH H 

+ — 

f^f-Threose. 


Pentoses. 


OH OH OH 

+ + + 

<i-Ribose. 


OH OH H 
^4* + ■“ 

ti-Arabinose. 


OH H OH 

4 * — 4 - 

fi-Xylose. 


OH H H 
+ — 
t d-Lyxose, 


Hexoses. 


OH 

4 - 

OH 

4 - 

fOB. 

+ 

OH 

4. 


OH 

■h 

OH 

+ 

rOH 

4 “ 

OH 

4 - 


OH OH OH 

4 - 4 + 

t/-Allose. 

OH OH H 

4“ 4- — 

d-Altrose. 

OH H OH 

- 4-4 
^-Glucose. 

OH H H 

4 — — 

f?- Mannose. 

H OH OH 

— 4 4 

i-Gulose, 

H OH H 

— 4 ~ 

if- 1 dose. 


H 


H 


OH 

— — 4 

tf-Galactose. 

H H H 

rf-TaloEe. 


The optical antipodes of these sugars — the /-series — are derived 
from /-glycerose or /-glucose and can be incorporated in a similar table, 
Wohl’s work on glycerose has fortunately established that the 
nomenclature of the sugars as d and /, based originally by Fischer on 
their derivation from ^-glucose, is equally the same when based on 
^-glycerose. Exceptionally, four compounds, gulose, idose, xylose 
and threose were originally described by Fischer with the prefix d^ 
their relation to ^/-glucose being based on the gulose actually obtained 
by Fischer in practice by an operation equivalent to turning round the 
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asy HI metric system of glucose, which in the light of oui present know- 
ledge obviously involves passing from the d to the / series : they 
should properly be regarded as /. Their /-isomerides hence become 
d and are incorporated in the table as such. The natural compound 
long described as /-xylose in the literature is properly J-xylose and 
its relation to glucose is made much clearer when it is so named. 

^-Glycerose is happily both dextrorotatory and genetically related 
to ^-glucose. The graphic formula of ^^-glycerose may be written either 
as 

CHO H 

H.C.OH or HO.CHo.C.CHO 

1 i 

CHoOH OH 

Since in it the only hydroxyl is to the right of or below the chain of 
carbon atoms, Wohl suggests the symbol d for this position of the 
hydroxyl. Accordingly, glucose is ddld aldohexose, and symbols can 
be given to the sugars which avoid the use of OH and H. Fischer 
originally used + and - to denote the position of these groups and 
his nomenclature seems less likely to lead to confusion than the use 
of d and 1 . 

It should be mentioned that Patterson in 1909 proposed a nomen- 
clature very similar to that later brought forward by Wohl in 1917, 
using, however, numbers to indicate the position of the hydroxyl groups 
only. Thus he writes (f-arabinose (1.2) whilst the symbol for the 
antimer is /-arabinose (3). 

As the final result of the above considerations it can be stated that 
the d and / nomenclature of the sugars is based on their relationship 
to d and I glycerose, that is on the configuration of the fifth carbon 
atom, and is irrespective of the direction of their optical rotatory 
power. 


Mutarotation—The Isomeric Forms of Glucose. 

The hypothesis that there are two stereoisomeric forms of glucose 
is the only one hitherto proposed which affords a satisfactory explana- 
tion of a peculiar property, characteristic of glucose and other sugars 
manifeting aldehydic functions, now known as mutarotation or multi- 
rotatimi^\x% formerly termed birotation) \ namely, the optical rotatory 
power of the freshly dissolved substance changes gradually, sometimes 
increasing, but more usually falling, until a constant value is reached. 
The t^m Urotation was introduced because the rotatory power of glu- 
cose ill solution is about twice as great when it is freshly dissolved as 


STEREOISOMERISM— ISOMERIC CHANGE, ETC. 39 

that which it eventually assumes. The change takes place very slowly 
when highly purified materials are used, but almost immediately if a 
small quantity of alkali be added. The phenomenon was first ob- 
served by Dubrunfaut in 1846 and ascribed by him to purely physical 
causes. The subject has of recent years caused a good deal of dis- 
cussion, and it is simplest to deal with the views that have been 
advanced in historical sequence. 

E. Fischer, in 1890, noticed that the optical rotatory power of 
certain lactones closely related to the sugars underwent change in 
solution as the lactone became hydrolysed to the corresponding acid. 
He therefore ascribed the change which occurs with glucose to a like 
addition of a water molecule, and assumed that the glucose (aldehyde) 
underwent conversion into a heptahydric alcohol (aldehydrol) of lower 
rotatory power: — 


CHO 

CH(0H).2 

j 

CH(OH) 

CH(OH) 

j 

CH(OH) + H 2 O 

- 9 . (!;h(oh) 

1 

CH(OH) ■ 

CH(OH) 

1 -nP 

j 

CH(OH) 

cH(OH) ; 

(!;Ho(oh) 

Glucose (aldehyde). 

CHJOH) ' 
Alcohol (aldehydrol). 


The subject assumed a new aspect when it was shown by Tanret, 
in 1896, that besides the anhydrous and hydrated forms of glucose 
other isomeric anhydrous modifications could be obtained. He 
described an a-glucose ([aj^ + 110°), the initial rotatory power of 
which fell gradually to [aj^ + 52 ’S'" ; further, a / 3 -glucose ^ of low initial 
rotatory power ([aj^ 4- 19°), increasing to [aj^ + 5 ^* 5 ° solution ; and, 
lastly, a 7-glucose + 52*5°) of unalterable rotatory power in solu- 
tion. The three supposed isomerides were isolated by allowing glucose 
solutions to crystallise under different conditions — a-glucose separated 
at ordinary temperatures from solutions in yo per cent, alcohol, and 
j8-glucose from aqueous solutions at temperatures above 98“ C. ; 
7-glucose was obtained by precipitating a concentrated aqueous 
solution of glucose with alcohol. <^-Glucose hydrate crystallises from 
aqueous solutions at the ordinary temperature. When powdered 
anhydrous glucose is added to water, it immediately undergoes hy- 
dration before passing into solution. 

1 Tanret actually termed the substance represented above as / 3 -glucose 7-glucose and 
designated 7-glucose as /3-glucose. The terms have been altered to bring them into agree- 
ment with the nomenclature adopted. 
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The behaviour of these isomeric forms does not fit in with the 
theory that the mutarotation is due to the conversion of an aldehyde 
into an aldehydrol; moreover, the increase in rotatory power from 
0- to ly-glucose has also to be explained- 

Tanret, Lippmann, and others suggested that some forms of glucose 
have a closed-ring structure, as proposed by Tollens, and that in solu- 
tion these are completely converted into the isomeric aldehyde. 

A more fruitful suggestion was made by Simon who drew atten- 
tion to the optical behaviour of a- and ^-glucose in relation to that 
of the isomeric methyl glucosides of which the structure was known : 

Wd [oJd 

o-Methyl glucosicle -j- 157° a-Glucose + 165° ^ 

^-Methyl glucoside - 33° )8-Glucose + 22° 


He suggested that the a- and ;8-glucoses are homologues of the a- and 
^methyl glucosides, and that contain a closed oxygenated ring. 

Direct proof of the glucosidic structure of a- and yS-glucose was 
afforded by their preparation from the corresponding glucosides effected 
by the writer. Both glucosides are resolved into methyl alcohol and 
glucose by appropriate enzymes, and as the enzymes condition the 
hydrolysis more quickly than the glucose which is formed can undergo 
isomeric change, it is possible to determine the nature of the sugar 
which IS formed initially. In practice, this is done by preparing a 
clear solution of glucoside and enzyme, allowing hydrolysis to proceed 
lor a short time and then observing the optical rotatory power of the 
^lution ^fore and after the addition of a drop of ammonia, which 
^ast^ the rate of the isomeric change, and therefore has the effect 
of establishing equilibrium almost immediately. As a glucose of high 
nitial rotatoiy power was obtained from a-methyl glucoside, and one 

a i^d ^-glucoside, it is clear that 

a- and /9-glucose correspond respectively to the a- and /9-glucoside 

Lippniann, regarded as a third isomeride, ascrib- 
^ the mutarotation of a- and ^-glucose to their complete conversion 
Bffo the isomeric aldehyde. '^^wcrsion 

The chanp in rotatory power of glucose was shown to be a process 

^ s, but that Tanret S 7-gIucose is a mixture in which these two 
compounds are present in equilibrium. 

of , ho solution of such an oquilibrated mktura, 

^ The nwEmcal values are Simon’s. 
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The total number of possible optical isomerides of the inositols 
may be arrived at by considering the possible number of hydroxy] 
groups on the “upper” side of the carbon-ring plane in formulae ol 
the above type : — 


( 0 ) 

No. of 
Hydroxyl 
Groups. 

0 

No. of Forms. 

I optically inactive. 

(6) 

I 

I n 

)> 

w 

2 

3 j» 

»» 

w 

3 

[2 

\2 

»> 

active (enantiomorphic). 

w 

4 

3 

inactive (identical with (c)). 

(/) 

5 

I 

„ ( » » m 

(?) 

6 

X » 

„ ( >, (a))- 


I Of these seven distinct possibilities of optically inactive (meso] 

forms, and two possible enantiomorphic optically active forms, the d- 
! and /- forms of inositol correspond to configurations (ii) and (iii) in the 

diagram and to in the table, but it is not known to which of the 
' classes ia)^ {V) or id) the four inactive or meso varieties so far identi- 

I ' fied belong. 

Similarly, there are ten possible distinct configurations of querdtol, 
' C5H7(OH)g, eight optically active and two unresolvable inactive (meso) 

modifications, but only two are known, a dextrorotatory variety and 
a lasvorotatory variety which is not the optical antipode of the 
former. 

! The cyclose group may possibly be produced in nature by the 
union of the ends of the six-carbon hexose chain, but such a trans- 
I formation has not hitherto been effected in the laboratory. 

I The only instance of a complex organic compound being obtained 

I both the ordinary carbohydrates and from the inositols is the 

I formation of furfural when meso 4 nositol is distilled with phosphoric 

I anhydride in a copper vessel (Neuberg). 

f ' ■ ‘ 

j Inositols, QHg(OH)5. 

I Six of the nine inositols predicted by theory have been described, 

I namely, the natural optically active forms of d- and /-inositol, two 

I naturally occurring meso forms, /-inositol and scyllitol, and two other 

j meso forms obtained by Hugo Muller by chemical treatment of ^^inosi- 

tol and named w-inositol and i/r-inositol. 

No precise configuration is yet attached to any of the inactive 
forms. 

i-Inositol is prepared by boiling its naturally-occurring monomethyl 
ether, C7Hi40e, with concentrated hydriodic acid; it crystal- 
lises in anhydrous prisms which melt at 247^-248° C., and have 
^ ^ : it does not show mutarotation. 
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Pinitol^ also known as matezite or sennite^ was discovered in 1856 
by Berthelot in the resin of the Californian pine, Pinus lamberiiana 
(Dough). It also occurs in the residues from the manufacture of coni- 
ferin in senna leaves and in Madagascar rubber. Its structure was 
established by Maquenne. 

X-Inositol was obtained by Tanret by demethylation of quebrachitol 
in 1889. It crystallises in needles which melt at 247^, [ajo - 65®. 
The monomethyl ether quebrachitol is found in quebrache bark. 

The racemic inositol, composed of equimolecular proportions of 
the d- and /-isomerides, may be prepared by crystallisation of a 
mixture of the latter in equal quantities, and melts at 253°. It was 
found, with /-inositol, in the fresh ripe berries of mistletoe by Tanret 
in 1907. 

Meso- or /-inositol (dambosCy nudte) is widely distributed in plants 
and animals ; it is found in the muscles and various organs of oxen 
and horses and in the urine in Bright’s disease. In the vegetable 
world it occurs in the Leguminosae, in the leaves of asparagus, the 
oak, ash and walnut, and in all parts of the grape vine, and also in 
many fungi. Its chief sources of extraction are walnut leaves and 
mistletoe. It crystallises in bunches of needles and melts at 225°. 
It does not reduce Fehling’s solution and is not fermented by yeast, 
but is attacked by certain fungi. The hexacetate forms monoclinic 
plates and melts at 2I2°C. 

When /-inositol is evaporated almost to dryness with nitric acid and 
then again carefully evaporated with calcium chloride solution, a rose- 
red solution is obtained ; if ammoniacal strontium acetate is substituted 
for the calcium salt, a violet tint is produced (Scherer’s reaction). Both 
these colour tests are excessively delicate, especially the latter. 

H. Muller found that treatment of /-inositol with a solution of 
hydrochloric or hydriodic acid in acetic acid transformed it partially 
into two other meso forms : — 

iso-Inositoly crystals melting at 246"-2 50°, readily soluble in water, 
insoluble in alcohol, but soluble in boiling SO per cent alcohol, and 
tasting faintly sweet; and 

-^-Inositoly an amorphous or microcrystalline compound, very 
soluble in water, but very sparingly so in alcohol. 

The monomethyl ether of /-inositol, Bornesitoly occurs in Borneo 
rubber, and the dimethyl ether, Dambonitoly in Gabon rubber. 

Phytifiy a compound of /-inositol and phosphoric acid, is an im- 
portant derivative of /-inositol found in the seeds of many plants. It 

was isolated from rice bran as inositol phosphoric acid by Winterstein 

8 * 
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^-methylglocosides and their tetramethyl derivatives and with tetra- 
methylglucose, none of which contain the two hydroxyl groups 
necessary for the formation of the compounds with boric acid to which 
the observed effects are ascribed and the results support the funda- 
mental assumptions of the method. 

Their further measurements establish that for a-forms of ^/-glucose, 
£i-galactose, ^/-xylose and /-arabinose, the OH groups attached to 
carbons i and 2 are on the same side of the chain. In all these com- 
pounds the upper half is identical, that is, the OH attached to carbon 2 
is to the right of the carbon chain and that on carbon 3 to the left of 
it, and they differ only in relation to the length and orientation of the 
tail of the molecule. It is, therefore, in no way surprising that they 
are all strongly dextrorotatory and have a velocity of mutarotation of 
the same order. 

In the case of mannose and rhamnose, the groups on carbon i are 
in the reversed or epimeric position to that which they occupy in 
glucose : consequently the hydroxyls on carbons i and 2 are situated 
less favourably in the a- than in the yS-form and the crystalline sugars 
separate in the ^-form, having feebly negative rotatory powers which 
become feebly positive after mutarotation. 

With fructose, where the ring starts from carbon 2, the orientation 
of each of the groups within the ring 


H H OH 

CH^OH . C . C . C . C~, . CH2OH 
I OH H OH ' 


- 0 - 


a-Fructose. 

is the exact reverse of that in the case of glucose, consequently the 
ordinary crystalline modification— the /d-form— is Imvorotatory. As it 
has a mobile CH3(0H) group the conductivity of boric acid is markedly 
^hanc^ by tins sugar, the position of the hydroxyl groups being 
cSiplS. ^ f^^ourable for the formation of the acid addition. 

Isomeric Chang:e— a ;td-Glucose. 

It remains to discuss the mechanism of the isomeric change 

differ^’reaTonl r° have been advanced whidi 

M I, J ” ^ respect ; Lowry considers the formation of 

ddehyde or its hydrate, which involves, the opening o Te rinf 
to be an intermediate stage in the process- F F 
formulated the change as tahmo- f has 

the <y-oxide ring. ^ ^ ^ disruption of 
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This scheme is intermediate in character between Fischer’s former 
view (p. 39), that mutarotation is due to hydration and the more recent 
view that mutarotation is due to isomeric change. 

In anhydrous alcohol (which, however, contains traces of water) the 
velocity of the isomeric change a ^ ^S-glucose is small, but it increases 
as water is added and the opportunity for hydration is increased. 
Lowry takes the view that an aqueous solution of glucose contains a 
considerable proportion of aldehyde (open-chain form), in addition to 
a-* and /3-glucose (closed-ring forms), whereas in alcoholic solution 
there is little or no aldehyde. 

E. F. Armstrong considers the first stage in the process to be the 
formation, by the addition of water, of the oxonium hydrate, from 
which, by the elimination of water in another manner, an unsaturated 
compound results. This is illustrated in the following scheme, in 
which only the carbon skeleton of the pentaphane ring is indicated : — 


Q Q Q Q Q 

I ( yOK (+ H,0) I I /OH (- H,0) I I 

C—C—C C< ^ C— C— C C\ ^ c— C— C C' 

\/ \/ \/' 

O 0 0 


‘H 


H OH OH 

Glucose. Oxonium hydrate. Unsaturated compound. 

It is possible to add the elements of water to this unsaturated 
bond in either of two ways, giving rise, to the a- and jS-glucoses re- 
spectively, or their oxonium hydrates. If this stereoisomerism is 
pictured in plane projection in the conventional manner with reference 
to the terminal carbon atom^ (in clarendon type in the preceding 

^ The asymmetric carbon atom in clarendon type has attached to it the four radicles — 
(i) hydrogen, (2) hydroxyl, (3) the pentaphane oxygen, (4) a carbon atom of the ring. The 
stereoisomerism of a- and ^-glucose is explained above as due to the interchange in the 
relative positions of the hydrogen and the pentaphane oxygen. This relationship is 
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diagram) the simultaneous formation of both fsomerides according as 
the hydroxyl group re-enters into combination with the terminal 
carbon atom at the respective valency points marked (a) and (^) in 
the unsaturated oxonium compound is evident : — 


H OH 



c 

. / 

1st position = a-GIucose. 


H 



oxonium 2nd position = j8- Glucose, 

compound. 


Lowry s view that an aldehydrol is the intermediate compound is 
not consistent with the increase in conductivity during mutarotation 
and may therefore be dismissed, and the evidence in favour of the 
oxonium theory may now be regarded as conclusive. 

The mechanism of mutarotation probably varies with the particular 
solvent employed but it depends essentially on combination between 
solvent and solute followed by decomposition of the complex in two 
directions. 

Tetramethyl glucose shows mutarotation in water, in dehydrated 
oiganic solvents, in hydrocarbons and in halogen compounds. Irvine 
has obtained polarimetric evidence in some of these cases that com- 
plexes of the oxonium type are formed. Whereas in aqueous solutions 
the change is promoted by alkaline catalysts, in acetone an acid 
ratalyst appears necessary before the change takes place, probably 
because change is only promoted when the solvent is partly enolised 
and may thus combine with the sugar. Examples of this are afforded 
by dimethyl-^-glucose (Irvine and Scott) and by the anilides of 
alkylated sugars (Irvine and McNicoll). 

No doubt the same explanation— combination with the enolised 


awkw^ to picture in plane formulte; it is therefore more convenient to renresenf 

d positions of the hydrogen and 

ladici^ as 15 done for esampie in the formula on previous paves Reference 

uLirfd!^ "■ ‘‘1^° between glucose and galactose 
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solvent — will be found to apply to the mutarotation in anhydrous 
formamide solution studied by Mackenzie and Gosh. 

The formation of a definite compound of pyridine with glucose 
(Behrend and Roth) affords further confirmation of this view. 

This explanation of the isomeric change has the advantage that it 
is equally applicable to the analogous interconversion of the a- and 
^-acetochloro glucoses and of the a- and j8-pentacetyl glucoses, neither 
of which can be explained on the aldehyde hydrate hypothesis ; and 
it also applies to the interconversion of the a- and jS-methyl glucosides. 
In this last case Fischer has assumed that an intermediate compound 

of the acetal type is produced and the pentaphane ring is opened a 

scheme identical with that just described as subsequently advocated 
by Lowry, The first product of the action of dry methyl alcohol 
containing i per cent of hydrogen chloride on glucose at the ordinary 
temperature is a syrup differing from either glucoside. This could 
not be analysed, but was regarded by Fischer as glucose dimethyl- 
acetyl. It has now been shown to be probably the ethylene oxide 
form of methyl glucoside. 

Measurements of the velocity of their transformation made by 
Jyngius led him to the conclusion that the two glucosides are directly 
convertible into each other and that it is very improbable that an 
acetal is formed Further, the reversible conversion of the a- and 
jS-tetramethyl methyl glucosides takes place at temperatures of 
iio°-i5o° independently of the nature of the solvent used: a result 
which excludes the intermediate formation of a compound of an 
acetal type. 

The isomeric change of one series of glucose derivatives into the 
other has been formulated in the foregoing on the hypothesis that 
additive oxonium compounds are formed in which the lactonic oxygen 
displays quadrivalency. Indeed no other explanation is applicable to 
all the transformations observed in the glucose series. Such additive 
oxonium compounds are well known to be formed in other cases, such 
as dimethylpyrone (Collie and Tickle). Irvine and Moodie have 
brought forward evidence to show that tetramethyl glucose forms 
an oxonium derivative with isopropyl iodide. The presence of the 
etheric groups in the alkylated sugar apparently increases the basicity 
of the butylene-oxidic oxygen atom, and so makes the identification 
of the oxonium compound possible. 

As already described, in presence of a trace of alkali an equilibrated 
mixture of a and jS glucoses is practically instantaneously produced. 
Prolonged action under the influence of strong alkali (see Chap. III.) 
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leads to the gradual change of one hexose into another, an enolic form 
being assumed as an intermediate term. It has now been shown by 
Armstrong and Hilditch that by the action of small quantities of acid 
on glucose in solution there is produced a certain definite, though small, 
quantity of a form of glucose which is sensitive to permanganate, that 
is of 7-gIucose. The amount of this form present is regulated by an 
equilibrium depending on the strength of the acid : its formation in 
presence of acid is instantaneous and it is reproduced when it is re- 
moved as, for example, by the action with permanganate. 

In presence of alkali the change is more gradual and within limits 
the solution is more active to permanganate the longer the alkali has 
acted : the active form in this case is more probably the open ring 
enol. 

Pyridine has a similar effect : an observation in harmony with its 
activity in promoting epimeric changes. The a- and jS-butylene oxide 
forms of glucose are practically unaffected by neutral permanganate. 
It is of interest as showing the effect of structure on the reaction that 
whereas in presence of acid the relative times taken to decolorise per- 
manganate were- in the ratio: glucose 2’3, mannose i, fructose i'3, 
in presence of alkali this ratio became: glucose 37, mannose 8, 
fructose i -o. In other words, mannose is the most stable to alkali 
and least stable to acid. 

Whilst it cannot be said that the nature of these changes is under- 
stood it is at least established that in a reacting solution of glucose in 
which acid or alkali is almost certain to be present there is at least 
a proportion of the 7-form of the sugar present which can give rise 
to derivatives having this structure. It is thus hardly necessary to 
assume a wandering of groups at a later stage to explain their 
formation. 

From the biological point of view, the fact that glucose exists in 
solution not as a single substance but as an equilibrated mixture of 
stereoisomeric butylene oxide forms, readily convertible into one 
another, is of fundamental and far-reaching importance If one of the 
stereoisomerides is preferentially metabolised in the plant or animal, 
in the course of either synthetic or analytic processes, the possibility 
of controlling the equilibrium in the one or other direction, so as to 
increase or limit the supply of this form, places a very delicate directive 
mechanism at the disposal of the organism. This question is un- 
doubtedly one which demands the close attention of physiologists. 

The further fact that reactive oxide or free aldehydic forms are also 
pesojt opens up ever more attractive speculations and the observation 
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of Hewitt and Pryde that solutions of glucose introduced into the 
intestine of a living animal undergo rapid downward rotation owing in 
all probability to the formation of the more active 7 form of glucose 
in excess of the amount normally present is most significant Un- 
doubtedly the mutability of the sugars is far greater than hitherto 
supposed and their properties in vivo may be very different from those 
of the solid substances on the shelves of the laboratory. The most 
recent discoveries with regard to insulin and the nature of the blood 
sugar fully substantiate this view. 

Rotatory Powers of the a and y? forms of Sugars. 

Relation between Rotation and Configuration. 

Most of the carbohydrates exist in more than one form and show 
mutarotation. Before dealing with their numeric relationships a word 
is required as to the nomenclature of the derivatives of sugars of the 
dextro and laevo series. As proposed by Hudson in the case of a 
dextro sugar the a form is that which is most dextrorotatory whereas 
for a laevo sugar the reverse is the case, the more laevorotatory (i.e. less 
dextrorotatory) modification being regarded as the a form. On this 
basis a-</-glucose becomes the optical antipode of ^-/-glucose. 

Ordinary crystalline maltose is thus a / 3 -sugar ; crystalline fructose 
is a /3-sugar and not a-fructose as previously supposed. Natural xylose 
is considered to be genetically related to ^/-glucose and not to /-glucose, 
as supposed by Fischer. 

According to Van’t Hoff’s principle of optical superposition, as 
applied by Hudson, the molecular rotation of a sugar is essentially 
dependent on two factors: (i) the optical effect of the asymmetric 
system containing the reducing group, and (2) the rotatory power of 
the remaining asymmetric system. If these factors are represented by 
A and B respectively : — 

a-glucose (M)d == 20,340 = + A + B, 

8-glucose (M)d « 3i420 = - A 4- B, 

whence by subtraction 2A = 16,900 and by addition 2B = 23,760. 

It is shown from the available data, firstly that the difference be- 
tween the molecular rotations of the a and /3 forms of the aldehyde 
sugars and their derivatives (2A) is a nearly constant quantity, and 
secondly that the a and ^ forms of those derivatives of any aldose sugar 
in which only the end carbon atom is affected have molecular rotations, 
the sum of which (2B) is equal to the sum for the a and /3 forms of 
the aldoses. 
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This method enables the calculation of the rotation of the unknown 
isomerides of many of the sugars and their derivatives and is proving 
of the utmost value in elucidating questions as to their structure, as 
will be illustrated hereinafter. 

Hudson has further shown that the mutarotating sugars have as a 
common property a measurable maximum rate of solution, which is 
caused by the slow establishment in solution of the equilibrium between 
the a and /3 forms of the sugar ; those sugars, such as sucrose, trehalose, 
raffinose, which do not reduce Fehling’s solution or show mutarotation, 
do not exhibit this maximum rate of solution. 

Expenmental evidence, of the rotatory powers of those sugars for 
which both modifications have not yet been crystallised and measured 
directly has been obtained by measuring the maximum rate of solution, 
or the initial and final solubilities— e.g. for xylose, arabinose, lyxose, 
ribose, mannose, fructose, gluco-heptose, maltose, cellose.' 

The results are summarised in the following table : — 


TABLE VL— Rotatory Powers of the Mutarotating Sugars. 


Sugar. 


if-GIucose . 
£?-GRlactose 

Fructose 
i^Xylose . 
i-Lyxose . 
^-Arabinose 
I'Rhamnose 
a-GIucoheptose 
Lactose 
Maltese . 
Melibiose . 
Cellose 


M. W. 


I So 
iSo 
I So 
i8o 

150 

150 

150 

164 

210 

342 

342 

342 

342 


Formula. 


c*h’“o“ 

CeHjjOa 

CeHjgOg 

c'h^o” 

c’h"o’ 

CjgHjjgOjj 


Specific Rotation in Water. 


■F Ii 3'4 

+ X 44-0 

-h 34 
- 

4 - 92 

+ 5*5 

- 54 

- 77 
+ 45 
4 * 90*0 
+ 168 
+ 179 
+ 73 


Calculated values in italics. 


Molecular 


Const. Rot. 

j8 Form. 

Rotation 

Difference. 

+ 52*2 

4 19 

4 16,900 

4 80*5 

4 52 

4 16,600 

4 * 14 *6 

- 17 

4 9,180 

“ 92*0 

- 133*5 

— 1 

4 19 

- 30 

■ 4 16,800 

« 14 

- 36 

4 6,220 

- 105 

- 175 

4 18,100 

4 8*9 

4 54 

- 10,000 

~ 20*4 

- 28*4 

4 15,300 

+ 55*3 

+ 35 

4 18,800 

4 136 

4 118 

4 17,100 

+ X 42*5 

4 124 

4 18,800 

. + 35 

ICS. 

4 16 

4 19,200 


are recoraea the differences between the molecular 
rotations of the respective alpha and beta forms of each aldose. If the 
rototop. power of the end asymmetric carbon atom in these aldoses has 

thevalue + Aforthea-sugarand - Afor the /3 form, and the rotation of 

1 A of an «-sugar 

2 A It is tr, h * ^ ^ difference of these values is 

2AItistobe expected, on the viewthftt the valueofAisnotinfluenced 

by changes m the configuration of the remainder of the molecule, that this 
^^nce 2 A IS a constant for all the aldoses. The last column shows 
that theory is fairly well borne out except in the case of mannose. 
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lyxose and rhamnose. Fructose is not considered, since it is a ketose and 
does not apply in the theory. The negative sign for the difference in the 
case of rhamnose is the result of the system of nomenclature for the a 
and /3 forms and is due to the fact that rhamnose is an /-series sugar. 
Now the configurations of ^-mannose, ^/-lyxose and /-rhamnose are 


H OH 

H OH 

OH H 

\/ 

\/ • 

\/ 

C j 

C r 

1 ^ 

OHCH 1 

OHCH 1 

HCOH 

OHCH 0 

OHCH 0 

0 HCOH 

HC — ! 

HC ! 

i CH 

HCOH 

H 2 COH 

HOCH 

H.COH 

CH, 

d-Mannose. 

d-Lyxose. 

/-Rhamnose. 


and it will be observed that these configurations are identical (or anti- 
podal) from the 4-carbon atom upward. It appears probable, therefore, 
that the exceptional value of the difference for these sugars may be de- 
pendent upon this type of configuration. Since, however, a-glucoheptose 
has the same configuration from the 4-carbon upward, an4 nevertheless 
shows a molecular difference nearer, though not equal, to the average 
value for most of the aldoses, this possible connection between structure 
and exceptional rotation remains in some doubt. In the case of closely 
related sugars, such as the four disaccharides, the agreement between 
theory and experiment is very good when it is recalled that it has been 
possible to make the measurements only by an indirect procedure. 

A comparison of the formulae of glucose, mannose, xylose, lyxose, 
which differ only in the configuration of the 2-carbon atom and their 
molecular rotations has enabled Hudson to deduce the value of the 
molecular rotation of this carbon as 4* 4,500 for glucose and xylose 
and ~ 4,500 for mannose and lyxose. 

The glycol glucosides may be quoted as examples of Hudson's 
second rule : — 

(M)p. 

a-Glucose 20,340 = A 4* B 
^-Glucose 3,420 = - A 4 B 

Sum 23,760 = 2B 


Glycol-a-glucoside 30,347 = A' 4 B 
Glycol-jS-glucoside 6,843 = - A' 4 B 
Sum 23,504 = 2B 

whilst the monomethylglucoses afford a further example of the first 
rule : — 

Monomethyl-a-glucose 20,874 = A 4 B' 

Monomethyl-i8-glucose 4,733 = - A 4- 
Difference 16, 141 = 2 A 
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For glucose the difference is 16,900. 

The relcitive e3.se with, which the isomeric fully acetylnted deiiva- 
tivcs are prepared and purified makes them especially suitable foi 
testing the relation of rotation and constitution. The difference in 
the molecular rotations of the a- and /3-sugars should be a constant as 
is evidenced by the following figures 


TABLE VII. 


Substance- 

Molecular Rotation 
of a-form. 

Molecular Rotation 
of / 3 -form. 

Difference. 

Glucose pentacetate 
^f-Lactose octacetate . 

Maltose octacetate . 

J-Cellose octacetate . 
^-Glucosamine pentacetate . 
ci-Chondrosamine pentacetate 
d-Gentiobiose octacetate . 
d'-a-Glucoheptose hexacetate 
d' Mannose pentacetate 
<i-Galactose pentacetate 
d-Xylose tetracetate . 

^Arabinose tetracetate 

+ 39.600 

+ 36,500 

-h 83,000 
+ 27,800 
+ 36,400 
+ 39,500 
+ 35,500 

4- 40,200 
+ 21,400 
+ 41,600 
+ 28,300 
+ 13,400 

+ 1,500 

- 2, goo 
+ 42,500 

- 10,200 
+ 470 

+ 4,100 

- 3,600 
+ 2,200 

- 9,800 

4- 8, goo 

- 7,900 

4' 46,800 

+ 38,100 
+ 39,400 

4 - 40,500 

4- 38,000 
+ 35,930 
+ 35,400 
+ 39,100 

4- 38,000 
+ 3r,20o 

4- 32,700 

4* 36,200 
- 33,400 


The sign and magnitude of the optical rotatory power enable a 
considerable insight to be gained into the structure of the molecule. 
For example, it is established in the case of twenty-four lactones of 
the monobasic sugar acids and eleven lactones of the saccharinic acids 
that polarised light is rotated to the right or to the left according as 
the butylene oxide ring on the 4-carbon is on the right or left of the 
configuration (when the formula is written with the acid group on top, 
as on p. 55). Accordingly, the configuration of the 4-carbon atom of 
any new lactone can at once be determined from its rotation. 

This is illustrated by the lactones of gluconic and galactonic 
acids : — 


CO 

CO 

HCOH\ 


1 

1 

HOCH 




HCOH 

1 

j 

HCOH 

CHfiU 

j 

CHgOH 

Gluconic lactone. 

Galactonic lactone. 

[ajo 4- 68®, 

Wd - 7*07°. 


Similar deductions as to the cofinguration of the 2-carbon atom 
may be made from the direction of rotation of the phenylhydrazide of 
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the acid. If the phenylhydrazide rotates to the right the hydroxyl on 
the 2-carbon atom is on the right, and vice versa. 

In gluconic acid, for example, there are four asymmetric carbon 
atoms, a, / 3 , 7, S, and the molecular rotation may be expressed as 
+ a, - + % + S, the + value indicating an hydroxyl on the right. 

1. COOH 

I 

2. a HCOH 

I 

3. j8 HOCH 

4. 7 HCOH 

5. 5 HCOH 

6 . CHoOH 

Hudson has deduced values for a, jS, 7 and S, by solving the four 
equations for the phenylhydrazides of gluconic, gulonic, idonic and 
galactonic acids, for which the rotations have been measured by Nef. 
He finds the comparative values ( x 10^) are — 

a + 37*3°> ^ + 3*9°» y ^*4°» ^ ~ o*6°, 

showing that the value of a, the rotation of the a-carbon atom is so 
very much larger than the values of the rotations of the other three 
carbons that its sign determines the direction of the rotation. 

The same rule holds good in the case of the amides of these acids, 
of which Weerman has measured the rotatory power. The specific 
rotations are small so that the calculation is only approximate, but it 
yields the following figures — 

a + 32°, $ - 10°, 7 - 1°, 5 - 7°, 

which show once again that the direction of rotation is influenced by 
the a-carbon atom. 

Levene finds for the salts of the monobasic acids that the con- 
figuration of the a-carbon atom has a strong influence on the rotation. 
The values calculated from his observations are — 
a + 22°, jS + 13°, 7 + 12°, 5 - 4°. 

These are quite different from those found for the phenylhydrazides 
and amides, owing perhaps to the salts being largely dissociated. It 
is evident further that the influence of the a-carbon is less than that 
of the sum of the other three carbons. 

Lastly, it may be mentioned that the benzyl phenylhydrazones of 
the sugars rotate to the left when the asymmetric a-carbon atom of 
the configuration has its hydroxyl to the right, and vice versa. 

Further data on this question are provided by Marie and by Wijk. 
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The former shows that Hudson's law holds equally for the hydrazides, 
/-bromophenyl hydrazides, <?-, m- and /-toluyl hydrazides, amides, 
anilides and toluidides of the monobasic acids, the rule being applicable 
for aqueous solutions but not for solutions in pyridine. The latter has 
applied it to methylamides, benzylamides and / 3 -phenyl ethyl amides. 
Both papers contain valuable data on the effect exercised by inactive 
substituents on the rotation. 

It is perhaps necessary to emphasise that the optical super-position 
theory has its limits ; speaking generally it has failed when applied in 
other instances and has been challenged by Patterson and Taylor and 
by Rosanoff. In this connection Levene (1921) has shown that the 
value of the rotation of carbon atom 2 is not a constant for all acids 
and suggests that the magnitude of the rotations of all the carbon 
atoms are influenced by the configuration of the adjacent carbon atoms. 
By calculation of the magnitudes of each of the four carbon atoms in 
hexonic and 2-aminohexonic acids from several combinations of four 
equations variable values are obtained, so that some combinations lead 
to values of the rotation of the 2-carbon atoms which are lower than 
some one other carbon atom. 



CHAPTER III. 


THE CHEMICAL PROPERTIES OF GLUCOSE AND THE HEXOSES. 

Glucose, the other aldoses and the ketoses in general show a great 
tendency to become further oxidised ; this is evidenced by their activity 
as reducing agents. They reduce alkaline copper solutions on warming, 
forming red cuprous oxide, likewise ammoniacal silver solutions forming 
a metallic mirror. When heated with alkali, a sugar solution colours 
at first yellow, subsequently brown and finally decomposes ; a variety 
of substances, including lactic acid and other hydroxy acids, are formed. 
Valuable analytical methods for the estimation of glucose are based on 
the reaction with copper salts in alkaline solution, but the precise changes 
which the sugar undergoes under these conditions are not completely 
understood. 

When carboh)'drates are kept with alkali hydroxide at 37° the 
optical rotation of the solution decreases and the acidity increases. 
Sodium hydroxide exerts the greatest action, sodium carbonate being 
considerably weaker ; ammonia of the same strength is almost without 
action. 

The ketose sugars without exception are decomposed when their 
aqueous solutions are exposed in quartz tubes to sunlight Carbon 
monoxide is evolved and the corresponding alcohol containing one 
carbon atom less is formed. The aldose sugars are practically un- 
affected under these conditions. Exposure of the ketoses to the ultra 
violet light from a mercury lamp brings about the same decomposition^ 
but other actions also take place involving the formation of hydrogen, 
methane, formaldehyde and non-volatile acids. The aldoses are de- 
composed in a similar manner to the ketoses by ultra-violet rays but 
are less susceptible to attack. 

Interconversion of Glucose, Fructose and Mannose. 

Glucose, fructose and mannose pass over into one another in aqueous 
sol ution in presence of alkalies. This most important transformation was 
first observed by Lobry de Bruyn and Van Ekenstein ; it takes place 
slowly at ordinary temperatures, quickly and with much decomposition 
at higher temperatures. Starting from glucose, the optical rotation is 
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observed to fall to about o° ; considerably more fructose than mannose 
is formed in the final product. The change was rightly explained by 
Wohl as due to conversion into the enolic (unsaturated) form common 
to all three carbohydrates : — 


CHO 

CHO 

CH,{OH) 

CH(OH) 

CH(OH) 

i 

HCOH 

j 

hoc:h 

io 

II 

C-OH 


HOCH 

j 

j 

HOCH 

1 

HOCH 

j 

HOCH 

1 

HOCH 

1 

HCOH 

[ 

1 

HCOH 

j 

HCOH 

HCOH 

[ 

HCOH 

HCOH 

j 

1 

HCOH 

1 

HCOH 

HCOH 

1 

1 

HCOH 

CHsCOH) 

Glucose. 

j 

CH2(0H) 

Mannose. 

j 

CH^fOH) 

Fructose. 

1 

CH2(0H) 
Enolic form. 

1 

cHjIoh) 

Ethylene 


oxide form. 


The sugar originally present is slowly transformed into enol ; this 
is reconverted into all three of the possible hexoses. It is to be sup- 
posed that the formation of enol from each one of the hexoses and the 
averse changes all take place with different velocities ; the interchange 
is further complicated by secondary effects. 

For example, fructose can give rise to a second enolic form, and 
this will occasion the formation of other isomerides, e.g. glutose 


CH.(OH) 

1 " 

CH2(0H) 

CH^fOH) 

CO 

1 

i:oH 

II 

1 

CH(pH) 

HOCH 

j 

II 

COH 

1 

CO 

HCOH 

1 

j 

HCOH 

1 

HCOH 

HCOH 

j 

j 

HCOH 

1 

HCOH 

CH(OH) 

Fructose. 

CHgfOH) 

Second Enolic form. 

Glutose. 


which Lobry de Bruyn has isolated as a regular product of the trans- 
formation of glucose, finding it to the extent of 4-8 percent, in Louisiana 
moIassK : ma^ose has also been found in molasses. The change is 
obvmsly exceedingly complicated. Prolonged action of the alkali or 
action at a high temperature leads to the formation of hydroxy acids 
In pure aqueous solution glucose can be kept for years without altera- 
tioa This proves that there can be no enolic form present in the 

^-glucose as is sometimes suggested 
of d£lf ' immediately produced in presence 

, The guanidine compounds of glucose, fructose and mannose show 
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changes of rotatory power in aqueous solution due to the interconver- 
sion of the three hexoses brought about by the guanidine. The 
changes are very similar to those caused by alkalies, but fewer second- 
ary changes take place in the case of guanidine. 

Action of Ammonia. 

Glucose reacts with ammonia at 35°, according to Ling, form- 
ing an additive compound of the aldehyde ammonia type, probably 
CHgOH . [CHOH]^. CH(OH). NH2. This is extremely hygroscopic : 
it decomposes in water, the sugar obtained behaving as 7-glucose. 

Action of Alkalies. 

A very elaborate study of the action of alkalies on carbohydrates 
extending over ten years has been made by Nef. In consequence, a 
complete and relatively simple explanation can now be given of the 
behaviour of any carbohydrate in aqueous alkali hydroxides towards 
oxidising agents such as air, hydrogen peroxide or the oxides of mer- 
cury, silver and copper. In the course of this work a number of the 
sugar acids and their lactones, salts, etc., have been fully characterised. 

According to Nef any carbohydrate in weak alkaline solution 
undergoes profound change but is eventually transformed into an equili- 
brated mixture in which no less than one hundred and sixteen substances 
can in theory take part. These are the thirty-two aldoses with one to 
six carbon atoms, the thirty-two corresponding methylenols, the twenty- 
six ketoses with three to six carbon atoms in an unbranched chain 
and the twenty-six dienols. Actually in practice only ninety-three 
different substances are formed and in the absence of an oxidising 
agent the different sugars are converted into saccharinic acids. 

In the presence of air or other oxidising agents the oxidation of the 
sugars results in the formation of carbon dioxide, formic, glycollic, 
oxalic and ^//-glyceric acids, four trihydroxy butyric acids, eight tetra- 
hydroxy valeric acids, and eight tetrahydroxyhexoic acids, all of which 
have been isolated and identified. 

The unsaturated ends first formed show a tendency to undergo 
fission at the double bond and by the spontaneous decomposition of 
the a/ 3 -, l 3 y- and yS-dienols, any hexose may yield {a) formaldehyde 
and aldopentoses, ( 6 ) diose and aldotetroses, and (^) ^//-glyceraldehyde. 

Taking glucose as a type the following products result : — 

(<2) From glucose aj8-dienol formaldehyde and arabinose, 

(b) From glucose j3y-dienol — > diose and triose, 

(e) From glucose 75-dienol glyceraldehyde. 
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An example of transformation (a) which has been the most difficult 
to verify experimentally, is furnished by the formation of i^-arabonic 
acid on oxidation of glucose in weak alkaline solution by air. 

When galactose is oxidised by a stream of air at 30°-40° in presence 
of six equivalents of sodium hydroxide the products from 50 grammes 
of sugar were I -27 grammes of carbon dioxide, 12-8 grammes of formic 
acid and 41 grammes of non-volatile hydroxy acids. When hydrogen 
peroxide i| the oxidising agent the quantity of the Cg acids is less but 
still exceeds the amount of the Cg acids, whereas with Fehling’s solu- 
tion the reverse is the case. A resin is formed in varying amounts 
during oxidation; it is considered that this is the explanation why 
the different sugars do not give exactly the same results by titration 
with Fehling’s solution. 


When the amount of sodium hydroxide is diminished to 0’5 
equivalent or less, the number of substances in the system after equili- 
brium has been attained is much smaller— thus only the six isomeric 
active sugars of the corresponding series are formed from glucose. 
The equilibrium is limited and the various dienols do not decompose 
under these conditions into aldoses according to fission («) above. 

The relative quantities of the sugars obtained are strikingly 
different, whilst ketoses are only enolised in quite definite directions, 
i.e. only certain preferred olefine dienols are formed and not all those 
theoretically possible. For example, from glucose and equivalent 
of calcium hydroxide, aldoses and ketoses are formed in approximately 
equal quantities, whilst the aldoses consist of glucose and mannose in 
the ratio of 5 ; i. In the case of galactose only the a/ 3 - and /37-dienols 
are formed and galactose comprises 90 per cent, of the aldoses. 
Arabinose or xylose yield the corresponding three active pentoses. 

^In the case of all carbohydrates salt formation with the alkali 

carbonyl group 

CH(OH) . CH(OM) . CO. The methylene derivative CH(OH) . C . CO 
forms first glydde and then ^.-/^a-osone, CH, . CO . CO, from whkh by 
the benzihc acid transformation saccharinic acids are formed. In the 
presotce of an oxidising agent the i ; 3 osone, CH(OH) . CO . CO is 

^^^^^-osone formation must ’be 
m neutral or faintly acid solution, the best reagent being lead 
hydroxide or chlande or basic acetate. ^ 

is k»f oTt” are formed when a sugar solution 

rattaLe To ” 

arr el- <■ u Synthesized belong to two classes 

according to the ease with which they are hydrolysed by adds. 
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Nefs investigations give an explanation of the quantitative differ- 
ences in the behaviour of the various sugars towards Fehling’s solution. 


Saccharinic Acids. 


The saccharinic acids are formed from the hexoses by the action 
of concentrated alkali hydroxide. Twenty-four isomeric acids with 
six carbon atoms are. theoretically possible, viz. : — 

(1) Eight stereoisomeric metasaccharinic acids, 

CH2(0H) . CH(OH) . CH{OH) . CH^ . CH{OH) . CO^H 
derived from the sixteen aldohexoses. 

(2) Four isosaccharinic acids derived from the eight ketoses, 


CH^COH) . CH(OH) . CHo . C(OH)< 


/CO.H 


XcHoOH 

(3) Eight saccharinic acids — 

/COgH 

CH2(0H) . CH(OH) . CH(OH) . C(OH)<( 

\CH3 

(4) Four parasaccharinic acids — 

yCO.H 

CH2(0H) , CH(OH) . C(OH)< 

\CH., . CHo(OH) 


The lactones of these acids are termed saccharins. Nef has very 
carefully studied these substances: their fuller treatment lies outside 
the scope of this monograph. 

Since lactic acid and various hydroxy acids result from the action 
of alkalies on glucose, the action of ammonia might cause the formation 
of alaiaine or other amino acids. Windaus and Knoop, in investigat- 
ing this point, find that the strongly dissociated zinc hydroxide ammonia 
acts on glucose even in the cold, producing methyl glyoxaline, a closed- 
ring compound containing nitrogen. Amino acids are not formed. To 
explain this transformation, it is assumed that glyceric aldehyde is 
first formed, which passes into methyl glyoxal ; this in its turn is acted 
upon by ammonia and formaldehyde to give methjl glyoxaline : — 

CHg.C.NHv 

CHg . CO . CHO + 2 NH 3 + HCHO = || >CH 

CH .N^ 


Windaus finds that the reaction is not confined to glucose, but that the 
same methyl glyoxaline is yielded by mannose, fructose, sorbose, 
arabinose, xylose and rhamnose, or by the disaccharide lactose. 

The formation of the glyoxaline nucleus from the sugars is of con- 
siderable interest in view of the important place this holds among 
natural products. Thus it is present in ergot, in pilocarpine and in 



63 THE CARBOHYDRATES AND THE GLUCOSIDES 

the purines. Further, by condensation of methylglyoxaline with 
“glycine and si oxidation, histidine is formed. 

Interaction with Phenyl Hydrazine. 

Particularly characteristic is the behaviour of the sugars with ex- 
cess of phenyl hydrazine on heating in dilute acetic acid solution. An 
orange-yellow insoluble phenyl osazone is formed, which serves to 
characterise glucose even when present only in very small quantities, 
though not to distinguish it from some of the isomeric hexoses which 
give the same or closely related phenyl osazones. The use of phenyl 
hydrazine possesses further a historical interest, as in the hands of 
Emil Fischer it served as one of the chief aids in the elucidation of the 
chemistry of the carbohydrates. 

Glucose and phenyl hydrazine interact in acid solution, acetic acid 
being usually employed, in two stages. In the first, which takes place 
in cold solution, a phenyl hydrazone is formed : — 

CaHi^O, + CgHg . NH . NH^ = . CH : N . NH . + Hp 

This is a colourless compound, soluble in water, existing in two 
modifications, one or other of which is obtained according to the method 
of preparation. 

Skraup’s /3-phenyl hydrazone, formed by shaking glucose with 
phenyl hydrazine in alcoholic solution, crystallises in needles, m.p. 
io6°-io 7'’, and has an optical rotation in aqueous solution of [a]o - 2° 
changing to - 50“. Fischer's a-isomeride, formed in alcoholic acetic 
acid solution, crystallises in leaflets, m.p. i59®-i6o°, [ajp - 70° changing 
to - 50°. Behrend has shown Skraup's ^-isomeride to be in reality 
a compound of phenyl hydrazine (i mol.) with 2 molecules of the 
jS-hydrazone. This hydrazone also forms an additive compound with 
pyridine which, on treatment with alcohol, yields glucose ^-phenyl hy- 
drazone, m.p. I40°-I4i°, [aju - 5*5°. Behrend has advanced evidence to 
show that this is a true hydrazone, 

CH2(0H) . [CH(OH)], . CH : N . NHPh, 

whereas Fischer's glucose a-phenyl hydrazone is a hydrazide : — 

I 0 j 

CHgCOH) . CH(OH) . CH . [CH(0H)]2 . CH . NH . NHPh. 

It should be capable of existing in two stereoisomeric forms (cf. p. 8). 

The phenyl hydrazones of glucose and most of the other sugars, 
being easily soluble, are not adapted for characterising the parent sugars. 
An exception is afforded by mannose, which forms an almost insoluble 
phenyl hydrazone and can thus be very readily detected. This com- 
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pound affords a striking illustration of the influence exercised by the 
configuration of the molecule on its physical properties. Sparingly 
soluble phenyl hydrazones are also formed by the methyl pentoses. 

Asymmetrically disubstituted hydrazines of the type, NHg.NR. 
CgHg, such as methylphenyl, benzylphenyl or diphenyl hydrazines, also 
react with the sugars, and some of these hydrazones are sparingly soluble 
and are characteristic of a particular sugar. Many of them are in- 
cluded in the following Table VI 11 . In some instances two forms of the 
hydrazone have been described. 

Thus the methylphenyl hydrazone is characteristic of galactose and 
the diphenyl hydrazone of arabinose. The influence of the position of 
the OH groups on the physical properties is even more marked in the 
case of the dihydrazones formed with diphenyl methane dimethyl dihy- 
drazine, CH2[C6H4NMe . NH2]2 (Braun). Hydrazones are only pro- 
duced when at least two or three of the hydroxyl groups attached to 
the carbon atoms immediately adjacent to the aldehydic group have 
the same spatial configuration. Thus, rhodeose, fucose, mannose, 
galactose, ribose, lyxose, arabinose, and rhamnose give hydrazones 
with this reagent, whilst isorhodeose, glucose and xylose do not. It 
is suggested that the reagent may be useful in deciding questions of 
configuration of the aldoses in view of this peculiarity. 

Characteristic m-tolyl hydrazones were obtained from arabinose. 
rhamnose, fucose, galactose and mannose but not from xylose and 
(^-fructose. 


TABLE VIIL — Melting-points of Sugar Hydrazones and Osazones. 



Arabinose. 

Glucose. 

Mannose. 

Galactose. 

Maltose. 

Lactose, 

Hydrazones, 

Phenyl hydrazone 

^-Bromophenyl hydrazone . 
a-Methylphenyl hydrazone 
a-Ethyl phenyl hydrazone , 
a-Amylphenyl hydrazone . 
a-Allylphenyl hydrazone 
a-Benzoylphenyl hydrazone 
Diphenyl hydrazone . 
jS-Naphthyl hydrazone 
w-Tolyl hydrazone . 

150® 

161® 

153° 

120® 

145° 

170® 

218® 

141® 

156° 

/ii5®-ii6®\ 
1 144^-146 V 

130® 

128° 

155° 

165*^ 

16 1° 

i86®-i88° 

208®-2I0® 

178® 

159° 

134° 

142® 

165° 

155° 

157° 

158° 

168® 

180° 

169® 

116° 

157° 

154° 

157° 

167° 
i 154° 

176° 

ll 1 1 1 1 1 

0 000 

Osazones, 

Phenyl osazone . 
/>-Bromophenyl osazone 
/>-Nitrophenyl osazone 

160® 

I96®-2oo° 

208® 

222° 

I 257° 

208° 

193° 

! 206° 
198® 
i 261® 

i 

200° 

258®- 
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To prepare the phenyl osazone, glucose is heated with a considerable 
excess of phenyl hydrazine ^ (3-4 mols.) and acetic acid, the vessel being 
immersed in rapidly boiling water for an hour or more, when the in- 
soluble osazone separates : it is best purified by crystallisation from a 
dilute solution of pyridine. The excess of phenyl hydrazine acts as 
an oxidising agent towards the phenyl hydrazone, converting the 
penultimate - CH(OH) group into - CO and being itself reduced to 
aniline and ammonia. The CO group so formed interacts with a 
further molecule of phenyl hydrazine to form the osazone : — 


CHO 

CH : N . NHPh 

CHrN.NHPh 

1 

j 

CH{OH) 

1 

CH(OH) 

1 

1 

CO 

1 

CH(OH) 

CH(OH) 

CH(OH} 

c!h(oh) 

1 

CH(OH) 

CH(OH) 

CH(OH) 

CH(OH) 

CH(OH) 

CH2(0H) 

Aldose 

(IhjPH) 

Hydrazone — > 

CHafOH) 
Oxidation product 


CH:N.NHPh 


C:N. NHPh 

CH(OH) 

CH(OH) 

CH(OH) 

CH2{0H) 


Osazone. 


Glucose, mannose and fructose yield the same phenyl osazone, 
since the asymmetry of the a-carbon atom is destroyed in its formatioa 
The osazones of the different sugars are as a class very similar in pro- 
perties, those formed by the disaccharides being distinguished by their 
greater solubility in boiling water. The melting-points of the osazones 
•deprad very largely on the rate of heating and on the method of puri- 
fication adopted, and too much dependence is not to be placed on them 
in identifying unknown sugars. Fischer, for example, states that care- 
fully purified glucosazone heated rapidly in a narrow capillary tube be- 
gins to melt at 208 (corrected), and completely melts at this temperature 
with decomposition if the source of heat be withdrawn. When heating 
is continued at the same rate the thermometer rises to 213° before the 
glucosazone completely melts. When the heating is slower the sub- 
stance begins to sinter and melt at 195°. In the case of the disacchar- 
ides, where the purification of the osazone is more difificult the 
determination of the exact melting-point is even less reliable 
_ The asymmetrically disubstituted hydrazines do not form osazones 
with glucose on account of their being unable to act as oxidising agents 
Fructose is more easily attacked by them, probably in consequence of 

the presence of the CH,(OH) . CO group, and yields a methylphenyl 
osazone. ^ ^ 


^ It is important that 
oxidation products. 


the phenyl hydrazine should be almost colourless and free from 
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It is often a matter of considerable difficulty to obtain a carbohyd- 
rate in a pure state from solutions which may also contain inorganic 
salts or nitrogenous substances. One of the methods adopted is to 
isolate the phenyl hydrazone, purify this by crystallization, and decom- 
pose it into sugar and phenyl hydrazine. Fischer originally used fuming 
hydrochloric acid to effect the decomposition. Benzaldehyde was sub- 
stituted for this by Herzfeld ; -the phenyl hydrazone is boiled in water 
with a slight excess of benzaldehyde, and the phenyl hydrazine removed 
from solution as insoluble benzaldehyde phenyl hydrazone, 


CgHioOg : N . NHPh + CgHg . CHO = + CgHgCH : N . NHPh 

This method was repeatedly adopted with success by Fischer, but it 
gives less satisfactory results with the disubstituted hydrazones, in which 
case formaldehyde may with advantage be substituted for benzaldehyde, 
as suggested by Ruff and Ollendorf. The hydrazone is dissolved in 
dilute formaldehyde and heated at the temperature of the water bath, 
: N . NRR' + HCHO = C^H^^Oe + H . CH : N . NRR'. The 
excess of formaldehyde is removed and the pure sugar solution concen- 
trated in a vacuum. 

Fuming hydrochloric acid acts on the osazone in the same manner 
as it does on the hydrazone, eliminating in this instance both hydrazine 
groups to form an osone : — 


CH:N.NHPh HCl, H.O 

CHO HCl.HnN.NHPh 

1 + 

1 + 

C:N.NHPh HCl, HjO- 

CO HCl.H 2 N.NHPh 

j ^ 

CH(OH) 

CH(OH) 

^ j 

c!h(OH) 

CH(OH) 

cIh(OH) 

CH(OH) 

CH2(0H) 

iH2(OH) 

Phenyl osazone. 

Osone. 


Glucose, mannose and fructose, which form the same phenyl osazone, 
likewise form the same osone. These osones are colourless syrups ; 
they act as strong reducing agents, and combine directly with phenyl 
hydrazine or with disubstituted phenyl hydrazines forming osazones. 
The osones combine also with ( 7 -phenylene diamine. They are not 
fermentable. On reduction glucosone is converted into fructose. This 
is the only method available of regenerating a sugar from the phenyl 
osazone. When the sugar originally used was an aldose the correspond- 
ing ketose results. The method is of great historical interest, as by its 
aid Fischer established the nature of the synthetical a-acrose. The 

S 
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osazones of the disaccharides are hydrolysed by acids to hexose, 

hexosone and phenylhydrazine 

C„H„Ob . 0 . CjHiAiNsHPhh + 2 HCI + sH^O 
IA.0, + ^k;;o, + 2NH, . NHPh . HCl 
Hftvnsft. Hexosone. 


and Fischer’s hydrochloric acid method is thus not available for the 

conversion into osone. Since, however, the osazones of the disac- 
charides are soluble in boiling water, it is possible to remove the phenyl- 
hydrazine residues by means of benzaldehyde (Fischer and Armstong), 
and so obtain the osones — 


CjHiiOs . O . CH2 . [CH . OHls . CO . CHO 

These osones are similar to glucosone in properties : they are hydro- 
lysed by enzymes in the same way as the parent disaccharides. 


Reduction. 


When reduced with sodium amalgam, glucose and its isomerides 
form the corresponding hexahydric alcohols, two hydrogen atoms 
being added to the hexose. Sorbitol is formed from glucose, mannitol 
from mannose, and dulcitol from galactose. Fructose yields a mixture 
of the two alcohols, sorbitol and mannitol, since a new asymmetric 
carbon atom is formed from the ketonic radicle. These alcohols 
have the following configuration formulae : — 


CH2.OH 

HC.OH 

ho.cIh 

hLoh 

I 

HC.OH 

^Hj.OH 

Sorbitol. 


CHo.OH 

HO. (in 
HO.CH 

I 

HC.OH 

hJ.oh 

iHa.OH 

Mannitol. 


CHg . OH 

HC.OH 

HO. (in 

HO. in 

Hti.OH 

. OH 
Dulcitol. 


All three alcohols occur in plants, mannitol being widely distributed 
In the fungi and some other orders mannitol exceeds glucose in quan 
tity, or even replaces it None of the alcohols are fermented b; 
yeasts ; mannitol, however, is a product of some bacterial fermenta 
tions, and is attacked by many moulds and bacteria. Dulcitol, n 
doubt on account of the difference in configuration, is in general fa 
more resistant to bacterial attack. 

All these alcohols are sweet, well-crystallised compounds quit 
soluble in water and alcohol. They form hexacetyl, hexabenzoy 
and explosive hexanitro derivatives, also compounds with acetor 
and benzaldehyde. 
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Their configuration is discussed in detail in the next chapter. 

The products of the electrolytic reduction of glucose (Findlay) are 
formic acid and a pentose : no hexahydric alcohol is formed. 

Oxidation. 

Glucose on oxidation gives rise to three acids containing the same 
number of carbon atoms ; two of these acids are monobasic, the third 
is dibasic. Their structure is as follows : — 

CHO COoH CHO CO^H 

(CH.OHh (CH.0H)4 (CH.0H)4 {CH . OH)^ 

CHgOH CH 2 OH CO 2 H CO,H 

Glucose. Gluconic acid. Glucuronic acid. Saccharic acid. 

In gluconic acid the aldehyde group of glucose is oxidised to carboxyl : 
it is conveniently prepared by the action of bromine on glucose. 

Details for obtaining an almost quantitative yield were published 
by Herzfeld and Lenart in 1919. 

By the action of mercuric acetate on glucose or galactose in 
presence of ammonia the ammonium salts of gluconic and galactonic 
acids in 50 per cent, yield are obtained. Mannose is also oxidised by 
this method but the ammonium salt of the acid formed has not been 
isolated in crystalline form. 

Gluconic acid in solution very readily passes over into a ry-lactone, the 
change, which is accompanied by an alteration in rotatory power, being 
a reversible one. The reaction is not complete, but continues until an 
equilibrium between acid and lactone is reached. Mannose and other 
aldoses form mannonic acid and similar acids corresponding to gluconic 
acid. 

As pointed out by Hudson these i : 4-lactones (y-lactones), like the 
aldose sugars and their glucosidic derivatives, all of which have a buty- 
lene-oxide structure, exhibit strong optical rotatory power, whereas the 
corresponding alcohols and acids, which are open-chain compounds, are 
but slightly active. The rotatory power is evidently connected witli the 
butylene-oxide constitution and the sign of the rotation must depend 
on the position of the ring, which is in turn dependent on the position 
of the hydroxyl group attached to the y-carbon atom before the ring 
was produced. 

The fact that Hudson’s generalisations have proved satisfactory in 
the case of all lactones examined justifies the assumption that they all 
possess the cyclic structure of i : 4 lactones. 

Whereas most of the monobasic sugar acids form y-lactones, 

^-mannonic acid is remarkable in that when liberated from its salts 

5 * 
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at the ordinary temperature it changes almost entirely into a yS- 
lactone : — 

I ^ ^1 

CH^COH) . (CH , OK), , CH . CH(OH) . CO 

To obtain the fy-lactone it is necessary to evaporate a solution of 
the acid or of the /3-lactone to dryness, preferably in presence of a 
little hydrochloric acid The ^-lactone rapidly undergoes spontaneous 
conversion into the parent acid in aqueous solution and is much less 
stable than the 7-lactone. Similarly, gluconic acid yields both a / 3 - and 
a 7-lactone and Nef claims that bimolecular a-lactones are also formed 
by the hydroxy acids. 

The behaviour of the methylated mannonic acids lends no support 
to the idea that a-lactones are readily formed Thus Irvine and 
Patterson have shown that the acid 

CH2(OMe) . CH(OMe) . CH(OH) . [CH . OUe], , CO2H 

forms a lactone whereas 


CH2(OMe) . (CH . OMejg CH(OH) . CO^H 

could not be converted into any such derivative. 

The rate of action of bromine water on the aldoses is influenced 
considerably by their configuration : galactose, for example, is much 
more rapidly oxidised than glucose. (Voto 2 ek and Nemecek.) 

An important property of gluconic and similar acids, and one which 
has been of the utmost value in effecting the synthesis of the sugars, 
is their behaviour on heating with quinoline or pyridine. It is well 
known that in most substances containing an asymmetric carbon atom, 
rearrangement takes place, when they are heated, so as to form the 
corresponding antimere mixed with the original substance. When 
gluconic acid is heated with quinoline or pyridine at 130°- 150° it is 
partially converted into mannonic acid. The rearrangement is appar- 
ently restricted to the groups attached to the a-carbon atom, as is the 
case in the transformation of glucose to mannose by alkalies. It is 
reversible, mannonic acid being converted into gluconic acid : — 


H.C.OH 

(CH.0H)3 

CHaOH 

cZ-Gluconic acid. 


COgH 
> HO.C.H 

(CH.OHh 
CHgOH 
Mannonic acid. 


Similarly, ^/-galactonic and rf-talonic acid are mutually interconvertible. 

Glucose may be quantitatively oxidised to carbon dioxide by 
hydrogen peroxide under certain conditions, particularly in presence 
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of phosphate mixtures. Harden considers that the function of the 
phosphates is the regulation of the hydrogen ion concentration (that 
is, the true acidity) of the solution, as hydrogen peroxide is more stable 
under these conditions. 

On oxidation of glucose or gluconic acid with nitric acid (Kiliani) 
a strongly reducing 5-keto-<gluconic acid is formed identical with the 
product obtained by Bertrand by the action of Sorbose bacteria on 
gluconic acid. 

Similarly, the acid obtained from rhamnose on oxidation with nitric 
acid is 5-keto-rhamnonic acid: on reduction it yields the acid of a 
new methyl pentose named /-guleonic acid : — 

H OH H H 

CHg . C . C . C . C . COoH. 

OH H OH OH 

Saccharic acid is formed by the action of nitric acid on glucose ; 
it forms a sparingly soluble acid potassium salt, which serves as a 
test for glucose. Saccharic acid is also produced from sucrose, raffinose, 
trehalose, dextrin and starch, all of which contain glucose. On the 
other hand, mucic acid — the corresponding oxidation product of 
galactose — is produced by the action of nitric acid on galactose, 
dulcitol, lactose, melibiose and the gums. 

Free saccharic acid is crystalline; in solution it passes into the 
monobasic ry-lactonic acid until equilibrium is attained, the rotatory 
power rising from 97° to 22*5°. The lactone crystallises in leaflets: 
in solution the rotation falls from 38° to 22° as it is converted into the 
free acid. 

Mucic acid has a sandy crystalline structure and is optically in- 
active. When distilled alone pyromucic acid (furfurane-a-carboxylic 
acid) is formed. Heating with hydrobromic acid converts it into de- 
hydromucic acid (furfurane-aa'-di-carboxylic acid). 

Glucuronic Acid.^ — Physiologically the most interesting oxidation 
product of glucose is glucuronic acid, which is frequently found in the 
urine, combined with a variety of substances, forming compounds of 
glucosidic nature. Normally glucose is rapidly oxidised in the animal 
organism to carbon dioxide and water. When certain substances 
such as chloral or camphor, which are oxidised in the body only with 
difficulty, are brought into the system the organism has the power of 
combining them with glucose to form glucosides. In such compounds 
one end of the glucose molecule is shielded from attack, but oxidation 
takes place at the other extremity of the molecule, and a glucuronic 


^ Also written Glycuronic acid. 
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acid derivative is formed. They are excreted in the urine. The 
faculty of removing injurious substances from circulation in combination 
with glucose seems to be common to both the animal and the vegetable 
kingdom, and the glucosides in the plant may be compared to the 
glucuronic acid derivatives in the animal. The glucuronates behave 
like glucosides, and form glucuronic acid when hydrolysed by mineral 
acids. The glucuronate formerly most employed for the preparation 
of the acid was euxanthic acid, a substance obtained in India from the 
urine of cows which have been fed with mango leaves. Euxanthic 
acid is very readily hydrolysed by dilute acids and breaks down into 
euxanthone, i.e. 2 : 8-hydroxyxanthone and glucuronic acid — 




A vast number of substances when introduced into the organism 
are excreted in the urine as ‘‘ paired glucuronic acid compounds. 
Almost every organic group yields an example. The most important 
are included in the following list : — 


isopropyl alcohol 
methylpropyl carbinol 
methylhexyl carbinol 
tertiary butyl alcohol 
tertiary amyl alcohol 
pinacone 


chloral 

butylchloral 

bromal 

dichloracetone 


benzene 

nitrobenzene 

aniline 

phenol 

resorcinol 

thymol 

a- and |3-naphthol 


turpentine oil 
camphor 
borneol 
menthol 
pinene 
antipyrine 
etc. 


As the formula indicates, glucuronic acid is the first reduction product 
of saccharic acid, and it was obtained in this way by Fischer and Piloty 
from saccharic acid lactone. Glucuronic acid forms a lactone which 
crystallises well The paired acids are laevorotatory. 

Since aniline dyes have almost entirely displaced euxanthic acid 
from the market the latter has become very scarce. A convenient 
source of glucuronic acid has been found in the menthol compound 
obtained in the urine of rabbits after administration of menthol. The 
urine is extracted with ether and ammonia added, when the ammonium 
salt separates (Neuberg). Bergmann and Wolff prepare both a- and 
jS-menthylglucuronic acids by oxidation of the corresponding menthyl- 
glucosides with bromine in pyridine solution. 

According to Neuberg glucuronic acid or an isomeride is produced 
in small quantity when glucose is oxidised by nitric acid for the 
preparation of saccharic acid Jolles has obtained it by gradual 
oxidation in neutral solution with dilute hydrogen peroxide. 

An interesting derivative of glucuronic acid is produced according 
to Sieburg on the administration of nitroso-phenylhydroxylamine to a 
dog. The new crystalline compound is decomposed by emulsin into 
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its two components and is considered to be the lactam of /-amino- 
phenolglucuronic acid. 

The administration of chloralose leads to the excretion of a paired 
chloralose glucuronic acid from which chloralose and glucuronic acid 
were the only products obtained on hydrolysis (Tiffeneau). 

Galacturonic Acid. 

Saurez has isolated an isomeric form of glucuronic acid from lemon 
pulp. It gives many of the reactions of glucuronic add but does not 
form a /-bromophenylhydrazone nor yield glucuronic anhydride ; on 
oxidation it gives mucic acid. 

A similar galacturonic acid has been discovered by Ehrlich in the 
pectin substances from the sugar beet On heating pectic acid with 
I per cent, of oxalic acid^ galactose galacturonic acid is obtained. 
Treatment of pectic acid with alkali leads to the formation of an 
amorphous white powder (a)^ — h 270°, C 24 H 3 ^ 025 , which Ehrlich 
regards as a tetragalacturonic acid, viz. 4CQH10O7 - SH^O. 

This gives all the reactions of the pentoses and of glucuronic acid 
except that on oxidation it forms mucic acid ; ^-galacturonic acid is a 
feebly dextrorotatory syrup, reducing Fehling’s solution in the cold, 
giving furfural with hydrochloric acid and readily undergoing oxida- 
tion to mucic acid 

Pectin substances obtained from a large number of plants and 
vegetables have all been shown to be derivatives of this acid, and it 
must be regarded as playing an important part in the structure of 
plant material. The presence of galactose in this oxidised form in 
plants is of the greatest interest. Glucuronic acid is said to have 
been found in the sugar beet but in view of the above it was probably 
mistaken for galacturonic acid. 


Synthesis and Degradation. 


The methods devised in the laboratory for the formation of carbo- 
hydrates containing a greater or lesser number of carbon atoms than 
six in the chain are of interest. 

The aldoses combine directly with hydrogen cyanide forming 
nitriles ; these, when hydrolysed, give rise to acids containing one 
carbon atom more than the original carbohydrate — 


CgHjiOg . CHO 4- HCN == CgHiiOs . CH(OH) . CN 
CgHiiOg . CH(OH) . COgH CgHnOg . CH(OH) . CHO 


The lactones of these acids, when reduced with sodium amalgam, 
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yield the corresponding aldoses with one carbon atom more than the 
original carbohydrate. 

In this manner glucose can be obtained from arabinose, glucohep- 
tose from glucose. The process has been continued by Fischer as far 
as the aldononoses in the case of glucose and mannose ; Philippe has 
prepared glucodecose. It would be possible by such a method to 
advance step by step from formaldehyde to the highest sugars, but the 
operation would demand the expenditure of very large quantities of 
material. 

The cyanohydrin synthesis, however, is not in reality so simple 
as just pictured, inasmuch as usually two stereoisomeric nitriles are 
formed simultaneously, one form as a rule predominating. Arabinose 
gives both glucose and mannose ; glucose yields two glucoheptoses. 
On the basis of the aldehydic formula for glucose a new asymmetric 
carbon atom is created in the nitrile, and, according to the ordinary 
rules, two forms will be produced unless the synthesis is asymmetric 
in character. Mannose affords the only instance at present recorded 
in which only one nitrile is formed. 

An alternative view of the synthesis, based on the closed-ring 
formula, considers the two nitriles as formed simultaneously from a- 
and ^-glucoses by a process involving first the rupture of the butylene- 
oxide ring, and secondly the addition of hydrogen cyanide. The 
presence of a- and jS-glucose in unequal proportions and the probable 
difference in the rate of formation of the addition product in the two 
cases will explain the formation of the isomeric nitriles in unequal 
proportions, Arabinose and ribose give rise to a preponderance 
of tevorotatory mannonic acid, whereas from xylose and lyxose the 
predominating acids are dextrorotatory. The various stages of 
the operation are formulated on the opposite page in the case of the 
a-derivative. 

Kiliani has extended the hydrogen cyanide synthesis to galactose 
in such way as to add a new carbon atom at each end of the mole- 
cule. The product of the first addition is a-galactoheptonic acid which 
on careful oxidation with warm nitric acid yields /-mannohepturonic 
acid, CHO , [CHOHjg. COgH, so named on account of the position 
of the groups on the carbon adjoining the aldehydic carbon the mole- 
cule being thus turned round in the process. From the aldehyde a- 
galaoctane hexol-diacid COgH . (CHOH)^. COgH is obtained. As it 
is optically inactive a symmetrical formula is ascribed to it, 

The d^adation of a sugar, i.e. the’ conversion into one with fewer 
carbon atoms, has been studied by four experimental methods. In 
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H— COH 
Hcm\ CN 

I >0+1 

HOCH / H = 

HC.OH 


a- Glucose 



H— COH 

HOCH /OH 

\/ 

HC 

HC.OH 
CHg . OH 
> a- Glucose nitrile 


Reduction 


COgH 

h(!;oh 


Hydrolysis 


HCOH 


— ^ HOCH 

\ 

HCOH 

HCOH 

CH^OH 

a-Glucoheptonic acid. 


CHO 

lie 


OH 


HCOH 

HC.OH 

I 

HO.CH 

HC.OH 

I 

HC.OH 

I 

CH, . OH 


Lactone of a-Glucoheptonic acid. a-Glucoheptose, aldehyde formula. 


that of Wohl the oxime of glucose is heated with concentrated sodium 
hydroxide and converted into the nitrile of gluconic acid, from which, 
on further heating, hydrogen cyanide is eliminated and a pentose — 
arabinose — formed. The following scheme shows the changes : — 


CHO 

j 

CH : N . OH 

CN -f H^O 

HCN 

CH(OH) 

j 

CH(OH) 

1 

CH{OH) 

CHO 

I 

CH{OH) 

c:h(oh) 

CH(OH) 

CH(dH) 

L T 

1 — > 

1 — > 

1 

CH(OH) 

CH(OH) 

CH(OH) 

CH(OH) 

CH(OH) 

cIh(OH) 

CH(OH) 

CH(OH) 

c!h2(0H) 

CH,(0H) 

dnofon) 

CH^COH) 

Glucose. 

Oxime. 

Nitrile. 

Arabinose. 


In practice it is preferable to heat the oxime with acetic anhydride 
and a grain of zinc chloride : a vigorous reaction ensues, and the pent- 
acetate of gluconic acid nitrile is formed from which hydrogen cyanide 
is eliminated by treatment with ammoniacal silver oxide. 

The alternative method due to RufF makes use of Fenton's mode 
of oxidation with hydrogen peroxide and ferrous salts. The aldose 
is first converted into aldonic acid, the calcium salt of which is sub- 
jected to oxidation, with the result that the carboxyl group is eliminated 
and the pentose formed : — 
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CHO 

COgH 

COg 4* KgO 

CH(OH) 

CH(OH) 

CHO 

1 

CH{OH) 

1 

CH(OH) 

CH(OH) 

! 

CH(OH) 

(!;h(OH) 

j 

ci:H(OH) 

(!h(OH) 

CH(OH) 

CH(OH) 

cHjPH) 

CH2(0H) 

c1h2(oh) 

Aldohexose. 

Aldonic acid. 

Aldopentose. 


Neuberg has made use of an electrolytic method : the aldose is 
converted into the corresponding acid, the copper salt of which is then 
electrolysed between platinum electrodes. Gluconic acid is in this 
manner converted into <^-arabinose and all the steps in the complete 
degradation to formaldehyde may be traversed. The process has been 
carried out with a number of sugars including melibiose, from which 
a sugar with eleven carbon atoms has been obtained. 

Either of these methods is equally applicable to the conversion of 
a pentose into a tetrose, and by them it would be possible to pass 
from glucose to formaldehyde. 

According to Guebert, mercuric gluconate when heated undergoes 
intramolecular oxidation forming ^-arabinose in satisfactory quantity. 
Tollens and Bbddener find, however, that this method is not applicable 
to the degradation of arabinose, 

Weerman has contributed a new and apparently very useful 
method of degradation of the monosaccharides. Taking glucose--^ 
arabinose as a case in point, (af-gluconamide is produced by saturating 
an alcoholic solution of gluconolactone with ammonia, and this is 
treated with hypochlorous acid, when the following change occurs 
(analogous to the Hofmann reaction with hypobromite) : — 

R . CH(OH) . CO . NHa ^ R . CH(OH) . N : C : O R . CHO 

In this way a 50 per cent, yield of (i^-arabinose was obtained. 

The method has also been applied successfully to the transforma- 
tion of ^-galactose to ^i-lyxose, /-mannose to /-arabinose, and /-arabin- 
ose to /-erythrose. 

Bergmann effects the degradation of the semi-amide of mucic acid 
in either of two manners: (i) by means of hydrogen peroxide which 
leaves the carboxylamido-group mainly unaffected and passes through 
the stages : mucic acid semi-amide [lyxuronamide] lyxuronamide 
tetra-acetate -> osimine of lyxuronamide -> lyxuronic acid, and (2) 
with sodium hypobromite, whereby oxidation is effected at the amide 
end of the chain and the carboxy-group is left mainly untouched. 
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The two processes yield the same lyxuronic acid when applied to 
optically inactive mucic acid, but enantiomorphous lyxuronic acids when 
applied to the active semi-amide, as would be expected according to 
the scheme : — 

CONHa 
H— C— OH 
HO— C— H 
HO— C— H ^2^2 

H—C— OH 


OH 

h4- 


HO— C— H 
HO— C— H 

I 


Bra 

T’koh 


H— C 

I 

COaH 

i-Lyxuronic acid. 


COnH 

d- M ucic-semi-amide. 


H-i— 

I 

HO— C— H 
HO— C— H 


O 


H— C 

I 

OH 

Z-Lyxuronic acid. 


The Aminohexoses. 

Four isomeric aminoglucoses are known, viz. : — 
glucosamine == 2-aminoglucose 
glucosimine = i -ami noglucose 
isoglucosamine = i-aminofructose 
€-gIucosamine = 6-aminoglucose. 

In addition, the corresponding 2-amino derivatives of other hexoses 
have been synthesised from the pentoses and one of these, chondros- 
amine, occurs naturally. 


Chitosamine d-(Glucosamine). 

Glucosamine, or aminoglucose, is of interest as being the first 
well-defined carbohydrate compound isolated from an animal tissue 
(Ledderhose, 1878). It is obtained by boiling the shells of lobsters, 
particularly the claws, with concentrated hydrochloric acid. The 
glucosamine hydrochloride so formed is a colourless crystalline com- 
pound. Lobster shell consists of carbonate of lime and a substance 
termed chitin, which yields acetic acid and glucosamine on hydrolysis. 
Chitin is stated by Offer to be a monacetyl diglucosamine ; more 
recently Irvine has established the identity of the chitins derived from 
various invertebrate animal structures. He considers chitin to con- 
tain acetylamino-glucose and amino-glucose residues in the proportion 
of three to one, in agreement with the formula 

Karrer and Smirnov, as the result of the identification of 2-methyl- 
l-;2-hexylpyrrole among the products of distillation of chitin with zinc 
dust, consider that it contains two glucosamine residues combined 
through a nitrogen atom as in the following formula— 


I ^ i 

OH . CH 2 . CH(OH) . CH . CH(OH) . CH . CH . NH 

I 


. CH . CH (OH) . CH . CH (OH) . CHg . OH 
CH- 


NH 


.0 1 
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Neither the position of the acetyl groups nor the number of glucos- 
amine residues present in the molecule can yet be stated. Chitosan, 
which is formed from chitin by hydrolytic removal of the acetyl 
groups, is converted by nitrous acid into a reducing sugar with total 
loss of its nitrogen in the elementary form. This behaviour is quite 
in accordance with the above representation of chitin as an aldehyde- 
ammonia derivative. 

Glucosamine was obtained by Winterstein from fungus cellulose ; 
indeed chitin seems to be the most important cell-wall material of the 
fungi. 

The glucosamine in Boletus edulis is considered by Ross to pre- 
exist as a glucoprotein and not as a glucoside. Two glucosamine 
residues are said to be present in lycoperdin isolated from the fungus 
Lycoperdum gemmatunk Glucosamine is a constituent of the mucins 
and mucoids. 

It is an open question whether glucosamine is derived from glucose 
or mannose ; Irvine inclines to glucose, Levene’s work on the synthetic 
amino-sugars makes the mannose formula more probable. As amino- 
glucose it has the formula — 

H H OH H 

CHjjOH . C . C . C , C. CHO 
OH OH H NHs 

which is more properly written in the pentaphane ring form — 


CH^COH) . CH(OH) . CH . CH(OH) . CH(NH2) • CH(OH) 

! 0 ^ i 

Glucosamine exhibits mutarotation and the hydrochloride exists 
in two jsomerides, the a-form having [a]„ changing from + ioo“ to 
+ 72-5° and the^-form [ajn increasing from + 25° to + 72-6°, On 
this basis the molecular rotation difference is 16, 160, the corresponding 
constant for glucose being 16,900, a divergence of less than 0-5 per 
cent.^ Irvine has pointed out that glucosamine conforms to Hudson’s 
rule in the same manner as glucose and as sharply differentiates from 
mannose, a result in favour of the glucose configuration for the amino 


_ G ucosamme is prepared from the hydrochloride by decomposing 
It with diethylamine (Breuer) or sodium methoxide (Lobry de Bruyn). 
It denv^ special interest from the fact that it may be regarded as 
a m etween the carbohydrates and a-hydroxyamino adds The 
s^thesis of glucosamine by Fischer and Leuchs, which at the same 

ta^e^? t enhanced impor- 

tance. By the combination of u^arabinose and ammonium cyanide 
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or of (^-arabinoseimine with hydrogen cyanide, ^f-glucosamic acid 
CH2(0H) . [CH , OHjg . CH(NH2) . COgH was obtained and its lactone 
reduced to glucosamine. Glucosamine forms a penta-acetyl derivative 
and also an oxime, semi-carbazone and phenyl hydrazone, but it cannot 
be converted into glucose, though it gives glucose phenyl osazone 
when heated with phenyl hydrazine. Nitrous acid converts it into a 
compound (CqUiqO^) formerly regarded as a sugar and termed chitose ; 
this forms chitonic acid when oxidised. Glucosamine is often regarded 
as a derivative of chitose, and termed chitosamine. It is perhaps 
desirable to retain this name until its identity as glucosamine or 
mannoseamine has been established 

Chitose was claimed by Fischer and Andrese to be a hydrated fur- 
furane derivative rather than a true sugar, formed by simultaneous 
elimination of the amino group and anhydride formation. It has the 
formula — 

HO . CH— CH . OH 
(CH20H).CH CH.CHO 


o 

Irvine and Hynd formulate chitose (anhydro-glucose) with the 
aldehydic radicle present, as in the hexoses, in the butylene oxide 
form — 

I ^ ^1 

CH2{0H) . CH . CH . CH(OH) . CH . CH(OH) 

1 0 ^ 

whereas Levene and La Forge consider it to be 2 : 5-anhydromannose, 
Accordingly, chitonic acid is 2 : 5-anhydromannonic acid whilst the 
isomeric chitaric acid, formed by the action of nitrous acid on glucos- 
amic acid, is considered to be 2 : S-anhydrogluconic acid., 

Irvine has prepared an amino methyl glucoside from glucosamine 
and converted it into glucose, thus establishing the relationship between 
glucose and glucosamine. The conversion takes place through the 
following reactions : ^-glucosamine hydrochloride bromotriacetyl 
glucosamine hydrobromide triacetyl amino methyl glucoside hydro- 
bromide amino methyl glucoside hydrochloride. 

This last compound, like other derivatives of glucosamine, reacts 
abnormally with nitrous acid and does not yield methyl glucoside. 
On methylation by the silver oxide method, dimethyl amino methyl 
glucoside is obtained, from which the substituted amino group is ex- 
pelled by heating with barium hydroxide. The product is further 
methylated and converted into tetramethyl methyl glucoside, from 
which J-glucose results on removal of the methyl groups. 
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Irvine and Hynd have also converted glucosamine into (/-mannose 
in almost quantitative yield by the following sequence of reactions 

(/-Glucosamine hydrochloride-^methylglucosamine hydrochloride-^- 
benzylidene methylglucosamine hydrochloride a benzylidene hexose 
/mannose. A Walden inversion might take place during the course 
of these changes, and probably in the formation of the benzylidene 
hexose, which is effected by the action of sodium nitrite upon the 
preceding amino-compound, 

Glucoseimine^ first obtained by Lobry de Bruyn, is prepared by 
the action of ammonia on glucose dissolved in -methyl alcohol. It 
has been held at various times to be an iminoglucose or a nitrogen 
ring compound but the bulk of the evidence available points to it being 
a I -amino-glucose — 


CH2(0H) . CH(OH) . CH . (CH . OHjg . CH . NHg, 


and isomeric with glucosamine (2-aminoglucose). 

A similar crystalline ethylaminoglucose which exhibits mutarotation 
is formed from glucose and ethylamine. In these compounds hydro- 
lysis with acids takes place so readily that definite salts cannot be 
isolated : this appears to be due to the nitrogen group occupying the 
reducing position on carbon i. 

Isoglucosamine was obtained by Fischer by reducing phenyl glucosa- 
zone with zinc dust and acetic acid It forms salts and shows precisely 
similar reactions to those given by glucosamine. It is i-aminofructose, 
with the formula — 

CH2(0H) . (CH . 0H)3 . CO . CHs . NHg 

The reaction is a general one and can be extended to other sugars. 

Lobry de Bruyn has shown that glucosamine in aqueous solution 
changes to a substance which can be obtained more readily by the 
action of alcoholic ammonia on fructose. This substance yields a 
pyrazine derivative on oxidation (Stolte), and its formation from 
glucosamine would appear to take place according to the equation — 

aCeHjsOgN + O = + SH^O 

The product has been shown to be 2, 5 -ditetrahydroxy butylpyrazine. 

A second product^ — CgHgO^N — is also formed during this reaction. 
It is converted into glucosephenylosazone without difficulty and is 
produced also by the action of ammonia in methyl alcoholic solution on 
glucosone. It is stable towards acids but the nitrogen is easily ex- 
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pelled as ammonia by alkalies. Irvine terms it fructoseazine and 
assigns to it the formula — 

I ^ i 

CHaCOH) . CH . [CH . OH]o . C CH 

N 

deriving it from the unknown fructoselmine by the elimination of 
water. 

An isomeride of glucosamine has been obtained by Fischer by the 
following series of operations : /S-pentacetyl glucose, when treated 
with anhydrous liquid hydrogen bromide, forms dibromo-triacetyl 
glucose which reacts with methyl alcohol to give triacetyl ^-methyl 
glucoside bromohydrin. This is converted by ammonia at the ordinary 
temperature into amino /3-methyl glucoside from which the amino 
sugar is obtained on hydrolysis. The new compound reduces Fehling's 
solution but differs from glucosamine in a number of ways, the osazone 
which it yields with phenyl-hydrazine being different from phenyl- 
glucosazone ; it is also less stable to acids. Judging from the produc- 
tion of an anhydro glucose from dibromo-triacetyl glucose (p. 19 ), the 
amino group in the new isomeride is attached to the carbon atom in 
the terminal position thus : — 

H H OH H 

NH 2 CH 2 . C . C . C . C . CHO 

OH OH H OH 

Irvine and Hynd have obtained synthetic aminoglucosides by 
condensing bromo-triacetylglucosamine hydrobromide with an hy- 
droxy compound in presence of a base ; glucosides of two types are 
produced : — 

(A) CH2(0H) . CH(OH) . da . CH(OH) . CH . in OR 

iiH, . Ha 
I ° 1 

(B) CH2{0H) . CH(OH) . CH . CH(OH) . CH . CH 

N — 0 

When the group condensed with the glucosamine residue consists 
of a short open chain, the product possesses properties similar to those 
of a-aminomethylglucoside and thus belongs to type B, which includes 
a modified betaine ring in the molecule. Derivatives which contain a 
benzene nucleus in the glucosidic position behave as true glucosides 
and behave as type A. 
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Compounds of type B are remarkably stable towards the hydro- 
lytic action of acids ; they are not hydrolysed by emulsin. The normal 
aminoglucosides are easily hydrolysed by acids and both aminosalicin 
and aminohelicin are hydrolysed by emulsin. 

The wide distribution of betaines in nature makes the synthetic 
aminoglucosides of type B of special interest, the more so as they may 
be closely related to glucoproteins. Irvine regards these last as 
glucosamine derivatives in which aminoacyl residues, i.e. short poly- 
peptide chains (Rj, Rj, Rg, etc.) occupy the amino position and possibly 
all the hydroxyl positions with the exception of the glucosidic group— 


I I 

CHglOR,) . CH(ORJ . CH , CHlORg) . CH CH 


/l\ 

RgRlG 


Much of the behaviour of the mucins is in agreement with this 
hypothesis. 

Irvine's observations receive support from the fact that when 
glucosamic acid, the oxidation product of glucosamine, is methylated 
by means of methyl sulphate and barium hydroxide the molecule under- 
goes fission, the products, according to Pringsheim, being betaine and 
an uncrystallisable solid, consisting probably of a methylated tetrose. 
This observation is of interest in view of the possible connection of such 
an action with the occurrence of betaine and of proteins in the sugar 
beet 

The amino group of bromotriacetylglucosamine reacts readily with 
salicylaldehyde to give a characteristic salicylidene derivative — 

I ° 1 

AcO . CHg , CHOAc . CH . CH(OAc) . CH . CHBr 

N : CH . CgH^OH 

The highly reactive bromine atom present in the glucosamine 
takes no part in this condensation and other substituted glucosamines 
react in a similar manner with the exception of methylglucosamine 
which is obviously constituted on the betaine model. The experiments 
of Irvine and Earl show that triacetyl methyl glucosamine does not 
itself possess a betaine structure but that a change to this type occurs 
when the acetyl groups are eliminated. 

Glucosamine forms heterocyclic compounds of the glyoxaline and 
pyrrole type more easily than glucose. Pauly and Ludwig have con- 
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densed it with silver cyanate, with acetoacetic ester and with acetyl- 
acetone. 

Mucins and Mucoids. 

The progress in this difficult subject is largely due to Levene who 
has summarised his researches in a Rockefeller Institute Monograph. 
Mucins of different origin contain conjugated sulphuric acids either 
chondroitin or mucoitin which differ in their amino sugar constituents. 

Cartilage (nasal septa), tendons, aorta, sclera contain chondroitin 
sulphuric acid ; this is a tetrasaccharide consisting of two glucuronic 
acids and two chondrosamine units, in which the amino groups are 
acetylated Chondrosamine has been the subject of an extensive in- 
vestigation by Levene and La Forge. It was at first described as glucos- 
amine but proved to be an isomeride of this and was considered to be 
/'allosamine or /-altrosamine owing to the supposed similarity between 
the osazones of chondrosamine and these hexoses. The osazone was 
subsequently identified as galactosazone, and chondrosamine shown 
to be identical with the synthetic lyxohexosamine, both amino sugars 
yielding anhydromucic acid on oxidation and forming identical de- 
rivatives. It is thus either 2-amino-galactose or 2-amino-talose, prob- 
ably the latter : — 

H OH OH NHa 
CHJOH) . C . C . C . C . CHO 
OH H H H 

The aminohexoses are synthesised from the pentoses by the follow- 
ing series of operations. By means of methylalcoholic ammonia the 
imine (i-aminopentose) is formed which is left with hydrocyanic acid 
and the product hydrolysed with hydrochloric acid at o\ A mixture 
of the two epimeric hexosamic acids is obtained in this manner and 
oxidation with nitric acid converts these into the corresponding tetra- 
hydroxyadipic acids. The epimeric acids can be converted into one 
another by heating with pyridine in the usual manner. 

The series of eight ^-hexosamic acids is complete. The two d- 
arabinohexosamic acids correspond to chitosamic acid (from glucos- 
amine) [ajo - 15° and the epimeride - 10®. From ^f-lyxose the 
acids obtained are chondrosamic [a]jj - 17"^ and the epimeride [d]^ + 8 °. 
The acids from /-xylose have [aj^ + 14° and - 11° respectively, whilst 
the ^/-ribohexosamic acids have + 12*5° and - 26°. 

As already indicated on page 72, arabinose yields a preponderance 
of the Isevorotatory mannonic acid when coupled with hydrogen 
cyanide, whereas lyxose and xylose yield mainly dextrorotatory 
hexonic acids. Similarly i -aminoarabinose yields a larger proportion 

6 
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of a iaevorotatory hexosamic add (identical with glucosamic add), 
whereas dextrorotatory hexosamic adds preponderate from amino- 
lyxose and aminoxylose. Levene considers the analogy to justify 
the regarding of the acid from arabinose as mannosamic acid. 

The configuration of these synthetic a-hexosamic acids is also 
indicated by optical considerations. In each pair of hexonic acids 
the member which has the same configuration of the a-carbon atoms 
as ^-gluconic acid possesses either a higher dextrorotation or a lower 
laevorotation than the epimeride. By heating the acid with pyridine 
an increase in rotation occurred with each of the acids excepting 
lyxohexosamic add. 

Hence it is considered likely that chitosamic (glucosamic) acid has 
the configuration of mannonic, epichitosamic of gluconic, ^-xylohexo- 
samic of gulonic, /-xylohexosamic of idinic, chondrosamic of talonic, 
epichondrosamic of galactonic, <:f-ribohexosamic of allonic and /-ribo- 
hexosamic of altronic acid. The value of the a-carbon atom in each 
pair of epimeric acids is found by experiment to be 12*5°. 

Levene and La Forge consider chondroitin to be a tetrasaccharide 
consisting of two glucuronic acids and two chondrosamine units. The 
amino groups are acetylated and the primary alcohol groups esteri- 
fied with sulphuric acid. On hydrolysis the sulphuric and acetic acids 
are split off and the molecule ruptured between the two glucuronic 
acid molecules forming chondrosin. Levene has obtained mucoitin 
sulphuric add from a number of mucins and mucoids. This differs 
from chondroitin since on hydrolysis it yields a disaccharide composed 
of glucuronic acid and glucosamine which is termed mucosin : — 


Ci2^2iOnH 

Hudson has isolated the a- and j8-pentacetates of glucosamine 
and chondrosamine and contrasted their molecular rotations with those 
of the glucose pentacetates. The end asymmetric carbon has the 
same configuration in all though it is reversed in chondrosamine, which 
is a derivative of an /-sugar, and, as the table on page 54 shows, the 
values of 2 A for the amino-sugars agree closely. The agreement is 
not quite so good with the glucose pentacetates which may indicate 
that the nature of the groups on the chain have in this case a definite 

though small influence upon the rotation of the end asymmetrical 
carbon atom. 

The hexosamine obtained by hydrolysis of the gluco-protein of 
Chinese edible birds’ nests appears to be different from both glucos^ 
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amine and chondrosamine. The equilibrium rotation of the hydro- 
chloride is [ajo + 70*6° 

A new type of nitrogenous sugar derivative has been isolated by 
Pryde as the result of applying the Wterman degradation reaction to 
the lactone of tetramethylgluconic acid. On treatment of the amide, 
which exists as an aminolactone, with cold alkaline hypochlorite a 
crystalline substance containing the (OMe) group — 

yCH(OMe) . CH(OMe) 

(Me0)CH<( I 

No . CO . NH 

is obtained. 

The formation of this intermediate urethane affords striking 
evidence of the stabilising effect of methyl groups in the sugar chain. 
It is also interesting in showing the conversion of a carbohydrate into 
a derivative in which nitrogen is present in a stable cyclic substituent 

Phosphoric Esters. 

The discovery of the rdle played by hexose phosphate in fermenta- 
tion lends considerable interest to the phosphoric esters of carbo- 
hydrates. 

The hexose phosphate CeHio04(P04H2)2 from glucose, mannose or 
fructose (see p. 172) is not precipitated by ammoniacal magnesium 
citrate mixture, but the lead salt is precipitated by lead acetate. It 
can be purified by decomposition by hydrogen sulphide and reprecipita- 
tion. With phenyl hydrazine an osazone is formed, one molecule of 
phosphoric acid being eliminated, which has the composition — 
(H,P 04 )C«Hg( 0 H) 3 (NHPh), 

The sodium, phenyl hydrazine and aniline salts have been characterised. 

Hexose phosphoric acid contains an active carbonyl group and 
two phosphoric acid groups, one of the latter being probably attached 
to the carbon atom adjacent to the carbonyl group since it is split off 
in the formation of the osazone. 

Robison described an hexosemonophosphoric acid [aj^ + 25° pro- 
duced by the action of yeast juice on glucose or fructose. It forms 
an osazone isomeric with the above and is stated to be hydrolysed by 
emulsin as well as by acids. 

N euberg has described phosphoric esters of glucose and sucrose 
prepared by the action of phosphorus oxychloride on the carbohydrates 
in presence of calcium carbonate or hydroxide. These have the com- 
position CgHi^Og . O . POgCa and QgHg^^Ojg . O . PO^Ca. Neither of 
them is fermented by yeast. On the other hand, the corresponding 

6 * 
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calcium fructose phosphate obtained by partly hydrolysing sucrose 
phosphate with dilute hydrochloric acid is stated to be readily fermented 
by yeast. It reduces Fehling’s solution. 

The alkaloid salts (distrychnine, etc.) of these phosphoric esters 
are crystalline. 

Phosphoric acid esters of the carbohydrates play an important 
part in the structure of the nucleic acids. Thus inosinic acid when 
hydrolysed in acid solution yields a purine base and <^-ribose phos- 
phoric acid The position where pentose and acid are attached is not 
known. Yeast nucleic acid contains this grouping four times, whilst 
in thymus nucleic acid the sugar is a hexose. 

The hydrolysis of the phosphoric esters of sugar derivatives has 
been studied by Levene and Yamagawa: both the position of the 
phosphoric acid radicle and the character of the substituent groups 
exert an influence on the stability of the ester linking. 

Tannins. 

The tannins have long been regarded as glucosides, Strecker in 
1852 being the first to show that they contained glucose. His formula, 
C27H22O11, for tannin corresponded with three molecules of gallic acid 
to one of glucose. Other observers have disputed the presence of 
glucose in tannin, which often figures simply as digallic acid in the 
older textbooks. Statements as to the amount of glucose obtained 
from tannin on hydrolysis vary very widely : this is due to the great 
diificuity experienced both in purifying the tannin and in separating 
the glucose formed. Fischer and Freudfenberg (1912) showed that 
carefully purified tannin yields somewhat more than 8 per cent of 
glucose on hydrolysis. This proportion is too small for tannin to be 
a glucoside of the ordinary type, but it is suggested by Fischer and 
Freudenberg that it is an acyl derivative of glucose analogous to 
pentacetylglucose or pentabenzoylglucose. A pentadigalloylglucose, 
CH2(0X) . CH(OX) . CH . CH(OX) . CH(OX) . CH(OX) 

where 

X = - CO . CeHs(OH)j . O . CO . C8Hj{OH)3 

should contain io-6 per cent of glucose. It has the high molecular 
weight 1700. This formula is in agreement with what is known as 
to the composition, optical activity, small acidity and the behaviour of 
tannin on hydrolysis. 

Proof of the correctness of this hypothesis is afforded by the 
synthesis by Fischer and Freudenberg of acyl derivatives of glucose 
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closely analog-ous to natural tannin. On shaking glucose with a 
chloroform solution of trimethylcarbonato galloylchloride in presence 
of quinoline an acyl derivative is formed from which, on cautious 
hydrolysis with alkali, the methylcarbonato groups can be removed so 
that pentagalloylglucose is formed The synthetic compound has all 
the properties of the tannins. Other phenolcarboxylic acids may be 
used for the condensation, and methyl-glucoside or glycerol may be 
substituted for glucose. The way is thus opened for the synthesis of 
a variety of products of high molecular weight, amounting in the ex- 
treme case of derivatives of the disaccharides to several thousands. 
It is quite possible that such compounds may be present in animals. 

Fischer and Bergmann have succeeded in synthesising penta- 
{m- and /-digalloyl)-j 8 -glucoses, the former of which is remarkably 
similar to Chinese tannin, the only point of difference noted being the 
specific rotation, which is of minor importance in colloid substances of 
such complexity. 

Glucose in combination with gallic acid has been shown by Feist 
to be associated naturally with tannin. The natural compound differs 
from the j 8 -glucosidogallic acid, CgHi^Os . O. C6H2(OH)2 . COqH, 
prepared by Fischer and Strauss in which the coupling of the hexose 
and the aromatic residue involves a phenolic group, as is confirmed by 
its conversion into glucosyringic acid. It is suggested that in the 
natural compound the carboxyl group is involved — 
CeH,, 05 - 0 .C 0 .CeH 2 ( 0 H) 3 , 

and this has been confirmed by the preparation of a i-galloylglucose 
having the above structure by Fischer and Bergmann, which is in all 
respects identical with the natural glucogallin isolated by Gilson from 
Chinese, rhubarb, though it is said to be quite distinct from Feisfs 
glucogallic acid. 

Freudenberg has isolated a new crystalline tannin from chebulic 
acid which is apparently a digalloylglucose. 

Directions for the preparation of tannase from Aspergillus niger 
grown on a suitable medium containing myrobalan extract are given 
by Freudenberg and Vollbrecht 

Compounds obtained by coupling fats with carbohydrates were 
first prepared by Lapworth and Pearson ; their structure has been 
established by Gilchrist using the methylation method. 

Methylglucoside condenses with one oleyl residue which is attached 
in position 5 and then the sugar residue loses water between carbons 
3 and 6, Mannitol combines with two oleyl residues attached in 
positions 2 and 3. 
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CHAPTER IV. 


THE HEXOSES, PENTOSES, AND CARBOHYDRATE ALCOHOLS. 


The general properties of the monosaccharides have been fully dealt 
with in the foregoing and exemplified in the case of glucose. In 
dealing with the remaining hexoses it is only necessary to recapitulate 
briefly their more important properties and in particular any salient 
points of difference from glucose. Most of the synthetic sugars are 
not referred to in detail as they are not of biochemical interest. 

Glucose and fructose are the only two of the monosaccharides which 
occur naturally as such. The others are found in nature as poly- 
merides, as glucosides, or in the form of alcohols, and are prepared by 
hydrolysis or oxidation. 

Fructose and sorbose are types of the ketohexoses, a group which 
has been much less investigated than the aldohexoses. Both fructose 
and sorbose have the ketonic oxygen attached to the second carbon 
atom, but a number of other isomerides are possible in which the keto 
group is situated elsewhere in the molecule. The ketohexoses do not 
yield acids containing the same number of carbon atoms on oxidation, 
but the molecule breaks into two at the ketonic group. 


TABLE IX. — The Monosaccharides. 


Trioses. Teiroses. 

GlycoIUc aldehyde. d and /-Glycerose. d and Z-Erythrose. 

Dihydroxyacetone. d and /-Threose. 

Methylglycerose. Erythrulose. 


Pentoses, 

d and /-Arabinose. 
d and I-Xylose. 
d and /-Ribose. 
d and i^-Lyxose, 


Methylpmtoses, 
/-Rhamnose. 
d and /-Isorhamnose. 
Fucose, Rhodeose. 
Epirhodeose. 


Aldohexoses, 
d and LGlucose. 
d and /-Mannose. 
d an i LGulose. 
d and /-Idose. 
d and /-Galactose. 
d and /-Talose. 
^/-Altrose. 
d-Allose. 


Ketohexoses, 
d and /-Fructose. 
d and /-Sorbose. 
Tagatose. 


Heptoses, 

Mamaobeptose. 

GlncobeptO'Se, 

Galactobeptose, 

Mannoketohepti 

Perseulose, 

Sedobeptose. 


Octoses, 

Manno-octose. 

Gluco-octose. 

Galacto-octose. 


Honoses. 

Mannononose. 

Glucononose. 


Decose. 

Glucodecose. 
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Mannose. 

H H OH OH 
CH2OH.C . C . C . C.CHO 

OH OH H H 

^/-Mannose is widely distributed in nature in the form of an- 
hydride-iike condensation products termed mannosans which are con- 
verted into mannose when hydrolysed by acids ; it does not occur in 
more simple form. A convenient source for its preparation is the 
vegetable ivory nut This is the endosperm of the seed of the tagua 
palm, Phytelephas macrocarpa. A method of obtaining as much as 
40 per cent of the weight of the vegetable ivory in the form of pure 
crystalline mannose has been worked out in detail by Hudson and 
improved by Clark. The meal is hydrolysed by 75 per cent sulphuric 
acid, the acid removed by means of barium carbonate, and after 
purification the colourless solution is evaporated to a thick syrup and 
this mixed with an equal volume of glacial acetic acid. This method 
makes a great advance on the original practice of Fischer and Hirsch- 
berger of isolating the phenylhydrazone and decomposing this to the 
sugar ; it renders the sugar available for the further study of its pro- 
perties. 

Considerable quantities of mannose have been obtained from white 
spruce cellulose prepared by the Cross and Bevan method ; Sherrard and 
Blanco consider that it is attached to the cellulose residue in much the 
same way as is a portion of the glucose but not so firmly as all the 
glucose residues. 

Mannose forms rhombic crystals and has initially a sweet taste 
followed immediately by a distinctly bitter one. This bitterness is 
quite characteristic and of interest, in view of the pure sweetness of 
the closely related isomerides glucose and fructose, the latter being 
the sweetest sugar known. 

Crystalline mannose is the form having [aj^ - 1 7® The rotation 
of the a form is calculated by Hudson to be - 34° and that of the 
equilibrated mixture is - 14*6''. 

Mannose is the true aldehyde of mannitol, and may be obtained 
from it by oxidation, or converted into it by reduction. It is of in- 
terest that it was first prepared by Fischer and Hirschberger in tliis 
manner, and only subsequently identified as a natural product. It 
is very similar to ^-glucose in its general properties, exhibits muta- 
rotation, and forms the same phenylosazone as glucose and fructose. 
Mannose is altogether remarkable in forming a sparingly soluble 
phenylhydrazone which enables it to be very easily identified. This 
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hydrazone is precipitated within a few minutes when phenylhydrazine 
is added to a solution of mannose. 

In many respects mannose and rhamnose behave alike: thus 
according to Brauns acetochloromannose reacts with methyl alcohol 
and silver carbonate to give a mixture of isomeric methyl tetracetyl- 
mannoses similar to those obtained from acetobromo rhamnose (see 
p. 103) whereas glucose and galactose give one form only. 

Nitric acid oxidises mannose to (i/-mannosaccharic acid, which 
readily forms a double lactone : — 

i ° 1 

CO . CH(OH) . CH . CH . CH(OH) . CO 

I 0 1 

Mannose forms an additive compound with hydrogen cyanide, 
which, on hydrolysis, yields mannoheptonic acid. Apparently one 
only of the two possible isomerides is formed. The mannoheptose 
obtained from this is very similar to mannose, and forms a sparingly 
soluble phenylhydrazone. On reduction it yields the alcohol C^Hig07 
identical with the natural perseitol. 

Glucal (p. 27) is oxidised by perbenzoic acid to mannose or 
anhydromannose 

I ^ I 

CHoOH . CHOH . CH . CHOH . CH . CH 

\/ 

O 

is formed which is converted by water and alcohol into mannose and 
an a-alkylmannoside respectively. Only the a form of the glucoside 
is obtained [a]^ 4* 79° ■ rhamnal behaves similarly. 

It is of interest that when the asymmetry of carbon atom 2 is 
destroyed as in derivatives such as glucal there is a tendency for 
mannose to be formed, rather than glucose when the hydroxyl group is 
restored. The compound in which the hydroxyl groups attached to 
carbons 2 and 3 are on the same side of the carbon chain seems to be 
favoured : thus glucal is oxidised to mannose, rhamnal to rhamnose. 

Similar preference to form compounds with the hydroxyl groups 
in close proximity on carbons i and 2 has been demonstrated elsewhere 
in the case of the a-sugars (p. 72) : ^-arabinose accordingly may be 
expected to exist preferentially in the jS-form and to give rise to 
mannonic acid preferentially when coupled with hydrogen cyanide. 
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Galactose. 

H OHOHH 

CH 2 OH . C . C . C . C . CHO 

OH H H OH 

^/-Galactose occurs as a constituent of milk sugar and raffinose, 
also in many gums and seaweeds as the polymeric form galactan ; its 
presence in the form of a galactoside is rare, being confined to the 
saponins, xanthorhamnin, and a few other natural glucosides. Lipp- 
mann records the appearance of galactose as a crystalline efflorescence, 
resembling hoar frost, on ivy berries following a sharp frost, the first 
after a late dry autumn. Both isomeric forms of galactose occur 
naturally: Winterstein found ^/-galactose in Chagnal gum, Tollens 
obtained it from Japanese NorL 

The galactans are widely distributed in the form of gums, muci- 
lages, pectins. Galactose is usually associated in them with arabinose 
or xylose. The pectins, which are of importance in the jam industry, 
are hydrolysed by acids to galactose and arabinose and by an enzyme 
pectase into pectic acids. It resembles glucose in properties ; char- 
acteristic is the formation of mucic acid on oxidation with nitric acid, 
and this may be used for its identification. On reduction with sodium 
amalgam the corresponding alcohol, dulcitol, is formed ; this is found 
naturally. By the action of alkalis it is transformed into ^li'-talose and 
<:f-tagatose. It is fermented by some yeasts, but not by all those 
which ferment glucose ; a fact which has been taken as indicating that 
a special galacto-zymase is required for the fermentation. 

Ordinary galactose is the a- form [ajo + 144°; it crystallises in 
anhydrous leaflets or from water as the hydrate in large prisms. The 

form has +52° and the equilibrium mixture + 80°. a-Methyl- 
galactoside is not hydrolysed by enzymes ; yS-methylgalactoside is 
attacked, like milk sugar, by the lactase of kephir, by the lactase 
present in some yeasts, and by a lactase present in an aqueous 
extract of almonds (see Chapter V.). 

According to the evidence submitted by Pryde galactose unlike 
glucose has the amylene oxide structure as its normal configuration — 

H OH OH H 

CHgOH.C.C .0 .C.CH.OH 


On the assumption that Hudson’s rule is applicable to the methyl- 
ated as well as the non-methylated lactones, the lactone obtained on 
oxidation of tetramethylgalactose, if this were a butylene oxide com- 
pound, should be laevorotatory like that obtained on oxidation of 
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galactose, whereas in fact it is dextrorotatory and must therefore be a 
I : 5-compound. The product of methylation of galactonolactone is 
laevorotatory : — 


Final 

Galactonic add - 57*6° 

1 : 4-gaIactonoIactone - yo'i® 

Tetramethyl i : 4-gaIactonolactone - 27*0° 

Tetramethyl 1 : 5-gaIactonolactone -{-167° 


This Structure of galactose is in conformity with the fact well 
known to all workers that in its reactions it never behaves in quite 
the same manner as glucose. The tendency to form i : 4 linkings 
is evidently not so marked in the sugars as in the acids, though this 
probably is the most stable configuration in both cases. 

The 7- form of methyl galactoside corresponds in general behaviour 
to the 7- form of methyl-glucoside ; it is of interest that its tetramethyl 
derivative, after removal of the glucosidic methyl group by gentle 
hydrolysis, undergoes auto-condensation to an octamethyldigalactose. 

Under abnormal condition? .galactose is formed jn. t^^ 
and appears in combination with sucrose as the trisaccharide, rafifinose. 
The quantity of rafSnose is increased abnormally by disturbances of 
growth, such as those occasioned by sudden frost. Under these con- 
ditions the galactans are supposed to undergo hydrolysis and form 
galactose. Apparently the plant, when confronted with galactose, 
utilises it first to form a disaccharide, melibiose, composed of glucose 
and galactose, and then makes use of the glucose half in this di- 
saccharide, according to its fixed habit, by combining it with fructose, 
with the result that a compound carbohydrate containing all three 
simple hexoses is formed. 

Galactose is the sugar of the brain whence it was isolated and 
described under the name cerebrose by Thudichum. It is a constitu- 
ent of the cerebrosides known as phrenosin and kerasin. 

Th^e compounds on hydrolysis furnish galactose, a base sphingo- 
sine and a fatty acid ; that in phrenosin being phrenosinic acid, 
C2&H^0O3, and that in kerasin being lignoceric acid, C24H43O2. They 
are both optically active and have the property of forming liquid 
crystals. (For further details see the monograph by Maclean in this 
series.) 


Fructose. 

^/-Fructose or laevulose, discovered by Dubrunfaut in 1847, occurs 
together with glucose in the juices of fruits, etc., the mixture being 
often termed fruit sugar or invert sugar. It is present in chicory and 
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especially the Jerusalem artichoke. Combined with glucose it occurs 
as cane sugar, raffinose, etc. It is a constituent of alliin, the gluco- 
side of garlic and of some saponins. The polysaccharide inulin yields 
fructose alone when hydrolysed. 

To prepare it from invert sugar or hydrolysed inulin it is best to 
form the crystalline calcium laevulosate and decompose this with 
carbon dioxide. 

Fructose is a ketohexose having the following alternative consti- 
tutions : — 

H H OH 

CH^rOH) . C . C . C . CO . CH2(0H) 

OH OH H 
2-Keto formula. 


CHj(OH) . CH(OH) . CH(OH) . CH . C(OH) . CH2(OH) 


CHj(OH) . CH(OH) . CH(OH) . CH(OH) . C(OH) . CHa 

Alternative ethylene oxide formulae. 

CH,(OH) . CH(OH) . CH . CH(OH) . C(OH) . CH.a(OH) 

! O ! 

Propylene oxide formula. 

CHjCOH) . CH . CH(OH) . CH(OH) . C(OH) . CH„(OH) 

I 0 ^ 

Butylene oxide formula. 

CHg . CH(OH) . CH(OH) . CH(OH) . C(OH) . CHo(OH) 

I 0 ! 

Amylene oxide formula. 


P'ractose crystallises much less easily than glucose and its derivatives 
exhibit the same behaviour. It is much sweeter than glucose. It 
exhibits downward mutarotation due to the conversion of the original 
form to the stereoisomeride but, as elsewhere stated, change goes 
further and undoubtedly in aqueous solution in an equilibrated mixture 
several isomerides are present. This affords an explanation of the 
altogether remarkable change produced in the specific rotatory power 
by changes of temperature. The rotatory power becomes less nega- 
tive as the temperature is increased, and at 87*3° it is equal and 
opposite to that of glucose so that a solution of invert sugar at this 
temperature should be optically inactive. 

The work of Irvine and his school has afforded evidence that 
fructose is much more prone than is glucose to react in the 7-form. 
Pure solid fructose which has been dissolved in water is quite stable 
to permanganate and represents the butylene-oxide form, but if the 
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solution is made acid, kept for an hour and neutralised, permanganate 
is decolorised within a few minutes, showing that the 7-form of fructose 
has been formed. Fructose thus reacts either as — 

(1) A compound containing the butylene oxide ring and existing 
in a- and yS- modifications. Ordinary fructose, the yS- modification, 
forms rhombic crystals, [a]o - ISS'S'’ falling to - 92° in solution. 
The calculated rotation of the a- form is - 21°. 

This type of fructose is not attacked by permanganate, does not 
combine readily with acetone and forms stable fructosides and acetyl 
derivatives, e.g. a pentacetate and tetracetyl / 3 -methyl fructoside, also 
a crystalline tetramethyl- fructose [ajo - 125°. 

The jS-pentacetate gives rise to two isomeric acetochlorofructoses 
when acted on by phosphorus pentachloride : the / 3 -form m.p. 108°, 
[ajo 4- 4$'* and an a-isomeride m.p. 83° [a]i, - 160*9'’, the latter aris- 
ing when aluminium chloride is present. 

(2) A more active compound probably containing an amylene 
oxide ring and likewise capable of existing in interconvertible cl- and y8 - 
modifications having lower specific rotations. The derivatives of this 
form are highly reactive, combine readily with acetone, and reduce 
permanganate. The fructosides are very easily hydrolysed by acids 
and resemble sucrose, which is perhaps a derivative of the amylene 
oxide fructose. The tetramethyl derivative is a liquid having [a]j^ + 

29*3'. 

An ethylene oxide structure was at first assigned to 7-fructose 
based in part on the fact that ethylene oxide itself in solution behaves 
similarly towards permanganate but the weight of evidence at the 
moment is more in favour of the amylene oxide ring formula. It is 
even probable that the active form of the sugar itself is the ketose and 
that this gives rise to amylene oxide rings in derivatives, water being 
eliminated between the groups attached to Nos. 2 and 6 carbon atoms 
of fructose (see p. 91). 

Fructose reacts very rapidly with pure methyl alcohol and o*S per 
cent hydrogen chloride — in 40 minutes at 20° about 85 per cent, of a 
2 ^ per cent, solution of the sugar had condensed to methyl fructoside, 
mainly the 7-isomeride [ajo + 26°. This decolorises permanganate 
and is very readily hydrolysed by acids. It is converted on methyla- 
tion into the same tetramethyl 7-fructose as has been obtained from 
sucrose and from inulin on hydrolysis. 

Crystalline / 3 -methylfructoside, [a]^ - 172", was obtained by Hud- 
son by methylation of tetra-acetyl fructose and subsequent hydrolysis. 
It is not hydrolysed by the enzymes of yeast nor by emulsin and 
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does not show mutarotation. It undoubtedly has the butylene-oxide 
structure. 

The isomeric tetramethyl fructoses have been specially studied by 
Irvine and Patterson (1922) on account of their importance as refer- 
ence compounds which serve to determine the particular type to which 
a fructose derivative belongs and the structure of the polysaccharides 
derived from fructose. Two types are known, distinguished as a- and 
7-. The a- crystalline isomeride, melting at 98°-99°, prepared from 
tetraacetyl fructose is Isevorotatory and undergoes mutarotation very 
rapidly to [ajo - 123° but it is otherwise stable: it condenses very 
slowly with methyl alcohol in presence of 0*25 per cent, of hydrogen 
chloride taking seventy-two days for complete conversion as compared 
with the twenty- four hours required by the y-isomeride obtained from 
sucrose. The fructoside formed by the latter is also much more 
readily hydrolysed than ^S-methylfructoside. As the result of oxida- 
tion with dilute nitric acid and other experiments, Irvine deduced a 
2*5-butylene oxide structure for the a-isomeride which is i : 3 : 4 : 6- 
tetramethyl fructose : — 

CHgOMe . C OH . (CH OMe)3 . CH . CHoOMe 

I 0 !• 

For the dextrorotatory y-tetramethylfructose [ajo +31° the re- 
sults are consistent with either the 2*3- or 2 •4-oxide structure and at 
the moment Irvine inclines to the latter. 

Haworth and Linnell have established the structure of the dextro- 
rotatory tetramethyl fructose, obtained on hydrolysis of methylated 
sucrose, as an amylene oxide compound : — 

CHgOMe . C OH . (CH OMe)3. CH^ 

I 0 i 

On oxidation with nitric acid a trimethoxyvalerolactone was obtained 
from which, on further oxidation with permanganate, trimethoxy- 
glutaric acid was prepared. On the other hand, oxidation of the 
methylfructose with an alkaline oxidising agent yielded as final pro- 
duct dimethoxybutyrolactone. 


Fructose Acetones. 

Great confusion attaches still to this section and distinction has yet 
to be made amongst the alternative formulae. 
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The structure of fructose monoacetone has been established by 
Irvine to be 


OH . CHj . CH . CH{OH) . CH(OH) . C CH^ 


An isomeric form also exists probably 

^ O — 


O 0 

X/ 

CMea 


A 


OH . CHj . CH . CH(OH) . CH . d . CH^OH 

0 d 

\/ • 
CMeg 


B 


From A a diacetone is formed, but B is not prone to further 

condensation : this is consistent with the view that the acetone\CMeo 

/ 2 

residue displaces the hydrogen atom of two adjacent hydroxyl groups 
which need not, however, be on the same side of the formula as re- 
presented on a plane surface. 

From this point of view only one formula is possible for fructosedi- 
acetone : — 

j 0 j 

OH . CH„ . CH . CH . CH . C CH. 


O 0 

\/ 


'^ 5 Me 


Such a compound should exist in two stereoisomeric forms which 
should undergo hydrolysis at different rates to give two isomeric 
fructosemonoacetones. Irvine and Garrett {loc. cit.) have shown this 
to be the case. 

According to Karrer fructose diacetone has the formula 

i ° I 

CHs . C . CH(OH) . CH . CH . CH„ 

i A A A ■ 

\/ \/ 

CMej CMej 

whilst Freudenberg assigns to it an amylene oxide structure 

o ^ 

CH, . 6 . CH(OH) . CH . CH . CHj 
o d o d 

V \/ 

CMe, CMe, 
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and from mnizG meal by Vorbrodt. It is stable at 1 1 5 ? but in presence 
of water at 155° is resolved into phosphoric acid and inositol. 

Co;itardi synthesised an inositol hexaphosphate in 1912 by the 
action of phosphoric add on inositol at 120°- 1 30° in the absence of 
' air, and considered it to be probably identical vrith the phytin in 
seeds. 

Anderson at about the same period recorded unsuccessful attempts 
to obtain the hexaphosphate synthetically, obtaining only tetraphos- 
phates of the formula C6He(0H)204[P0(0H)2]4, and inositol derivatives 
of pyrophosphoric acid 

Scyllitol, the other natural inactive form of inositol, was formerly 
known by the three names of scyllitol, cocositol and quercine, but 
H. Muller showed in 1912 that all three were identical. 

Scyllitol was discovered by Staedeler and Friedrichs in 1858 in 
various organs of the spur dog-fish {Plagiostomi). H. Muller found 
it in 1907 in the leaves of Cocos nucifera (Linn.) and Cocos plumosa 
(Hook), assigning to it at that time the name “cocositol.’’ It also 
occurs in acorns. Goodson has found it in the leaves of Helinus oratus^ 
a climbing shrub indigenous to S. Africa. It has been suggested by 
Winterstein and others that phytin which is believed to be the usual 
organic phosphorus reserve constituent of plants is a ^^i’^inositol 
hexaphosphate. 

The formation of the same complex organic product in such different 
organisms as those of the cocoa-nut palm and oak on the one hand, 
and the spur dog-fish on the other is very remarkable. 

Scyllitol is optically inactive, forms hard lustrous monoclinic 
prisms which melt at 349°-35o° C., is sparingly soluble in water, gives 
Scherer’s colour reaction and yields the customary acetyl, benzoyl, 
etc., esters. 

Mytilitol, which occurs in the valve muscles of Mytilus Edulis, 
forms a pentacetate with acetic anhydride but a hexacetate with acetic 
anhydride and concentrated sulphuric acid. It is regarded by Ackef- 
mann as an isomeride of inositol, by Jansen as a quercitol, but the 
general behaviour is more in accord with the former supposition. 

Quercitols^ C6H7(OH)5. 

As previously mentioned, two optically active forms of the quercitols 
are found in plants. 

^-Quercitol occurs in acorns and in small quantities in the cork 
and bark of oak. H. Muller also obtained it from the leaves of 
Chxmmrops humilis (Linn.), the only European representative of the 
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palm-family, which was formerly used like esparto for paper-making. 
The leaves contain i *3 5 per cent of quercitol. 

<^f-Quercitol crystallises in prisms and melts at 234°; its rotatory 
power is [aj^ + 20°. It is not fermentable. It gives pentacetates 
and similar esters, thus possessing five hydroxyl groups in the mole- 
cule. Oxidation with permanganate leads to the formation of malonic 
acid and other products which confirm its structural formula as penta- 
hydroxycyclohexane. 

VQuerdtol was obtained by Power and Tutin in 1904 from the 
leaves of Gymnema sylvestre (R.Br.). It crystallises in prisms from 
water and in needles from alcohol and melts at 174° having 
Md - 74°« it gives penta-acetyl and penta-benzoyl compounds, and 
yields with sodium hypobromite a diketotrihydroxycyclohexane, 
CeHA(OH),. 

d- and /-Quercitol are not optical antipodes. 

Quinic Acid^ C0H7(OH)4COOH. 

Quinic acid is a carboxylic derivative of a tetrahydroxycyclohexane 
occurring in cinchona bark, coffee beans, bilberries and other plants. 
It melts at 162° and is optically active. When it is submitted to dry 
distillation, phenol, quinol, benzoic acid and salicylaldehyde are pro- 
duced Oxidising agents convert it into a variety of common aromatic 
compounds, notably quinone and hydroquinone. Certain ferments 
attack it, producing a mixture of the lower fatty acids in absence of 
air, whilst in presence of air protocatechuic acid is formed 

Quinide, C7H10O5, melting at 198°, an optically inactive lactone of 
quinic acid, is produced by heating the natural acid at 220 -240 
and when this compound is hydrolysed with milk of lime an optically 
inactive form of quinic acid is produced. 

SMkimic A cid^ CgH g( 0 H)3CO O H . 

The only natural representative of the trihydroxycyclohexanes at- 
present known is shzkiMtc acid^ which is found in the fruit of lUicnmi 
religiosum^ and is an analogue of quinic acid. 
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THE DISACCHARIDES. 

The disaccharides are carbohydrates containing twelve carbon atoms 
and consist of two six-carbon atom residues united through an oxygen 
atom. They are thus analogous to the glucosides, and when acted 
upon by hydrolytic agents — acids or enzymes — they break down by 
combining with a molecule of water into their constituent simpler 
hexoses, which may be either aldoses or ketoses : — 

*1* ^2^ ~ ^6^12^6 ^6^12^6 

One of the constituent hexoses behaves in the same manner as 
glucose does in the methyl glucosides : thealdehydic or ketonic group 
of the second hexose may remain functional or it may disappear. In 
the former case the disaccharide reduces cupric salts, forms an osazone, 
and exhibits mutarotation, behaving just as glucose ; in the latter all 
these properties are absent. Accordingly, the disaccharides are classi- 
fied under two types. 

The table on page 119 contains the better-known disacchar- 
ides with their component hexoses and optical rotatory power. 
Some trisaccharides are also included; also the tetrasaccharide, sta- 
chyose. 

The disaccharides of type i form sparingly soluble phenylosazones, 
which are difficult to purify, similar to one another and do not show 
sharp melting-points as they decompose at the melting-point ; more- 
over, both melting-point and crystalline form are greatly altered, by 
small quantities of impurities. The hydrazones, even those prepared 
from asymmetrically disubstituted phenylhydrazines, are too soluble, 
as a rule, to be used for the isolation of disaccharides from aqueous 
solutions. 

The difficulty attending research in this group lies in the fact that 
no really characteristic derivatives of the disaccharides, by means of 
which they can be isolated' and identified with certainty, are known, 
and partly for this reason but little progress has been made in the 
direction of their synthesis. 
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TABLE XIV. 


Sugar. 

Components. | 

Rotatory Power, j 

Maltose 

Disaccharides. 

Type X. — Aldehyde Group Functional , 
Glucose-o-glucoside 


Isomaltose 

Glucose-8-glucoside 

4- 34*4° 

Gentiobiose 

Glucose-^-glucoside 

4 9-6° 

Cellose 

Glucose-j8-glucoside 

+ 3 4*6° 

Lactose 

Glucose-i8-galactoside 

4 52-5° 

Isolactose 

Glucose-galactoside 


Melibiose 

Glucose-galactoside 

4 143° 

Turanose 

Glucose and fructose 

+ 7i-S“ 

Sucrose 

Type 2 . — No Redncing Properties. 
Glucose and fructose 

+ 66-5= ! 

Trehalose 

Glucose and glucose-aa 

+ 197" 1 

Isotrehalose 

Glucose and glucose 88 

‘ ~ 5S" 


Trisaccharides. 


Type I. 



Mannotriose 

Glucose + galactose 4* galactose 

4 1 ^ 7 ^ 

Rhamninose 

Glucose + rhamnose -1- rhamnose 

~ 41® 

Type 2. 
Raffinose 

Galactose + glucose 4 - fructose 

4 123° 

Gentianose 

Glucose + glucose + fructose 

4 31^ 

Melicitose 

Glucose + glucose + fructose 

4 S8*5" 

Type 2. 
Stachyose 

Tetrasaccharide. 

Fructose -h glucose + galactose -f- galactose 

4 148° 1 


Maltose, lactose and melibiose, which reduce Fehling’s solution, 
form hydrazones and osazones with phenylhydrazine and combine 
with hydrogen cyanide, contain, like glucose, an aldehyde group or its 
equivalent Since they all show mutarotation, and exist in two. 
modifications, there is no doubt that, like glucose, they possess a 
closed-ring structure rather than a free aldehyde group. In solution 
they exist as an equilibrated mixture of dynamic isomerides. Both 
halves of the molecules thus possess a butylene-oxidic structure, one 
section only retaining the aldehyde group functional. This section is 
also capable of reacting to give derivatives containing some other ring 
structure just as glucose does. 

Interest in the configuration of the disaccharides centres round 
three main points : — 

(1) The nature of the component hexoses. 

(2) Whether they represent a- or ^-glucosides. 

(3) Which hydroxyl group is concerned in the attachment of the 

two hexose residues ? 
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The solution of the first of these problems is a simple matter. The 
second question has been answered in two ways : firstly, by studying 
the behaviour of the sugar towards the enzymes, maltase and emulsin 
—if hydrolysed by the former it is an a-glucoside, if by the latter a 
^-glucoside ; secondly, by studying the optical behaviour of the glucose 
immediately produced, on hydrolysing the sugar with an enzyme, 
towards a drop of alkali — downward mutarotation classes it as an 
a-glucose, upward mutarotation indicates the presence of ^-glucose. 
The third question has begun to be solved satisfactorily particularly 
by the Irvine methylation method ; and it has been possible to show 
for maltose, cellose, lactose, and melibiose which groups are concerned 
in the junction. 

Assuming the primary alcohol group to be concerned in the attach- 
ment of the two hexose residues, four isomeric diglucoses with reducing 
properties are possible. The attachment of the two glucoses may be 
either a or yS, and the free aldose group will exist in a and /3 modifi- 
cations. Maltose or lactose in solution represents, like glucose, an 
equilibrated mixture of two isomerides : the solid disaccharides corre- 
spond to more or less pure single substances. 

Considerations based on the numerical relations among the rotatory 
powers of the disaccharides make it probable that the left-hand glucose 
residues in lactose and cellose have identical structures, whereas maltose 
and gentiobiose do not agree with either melibiose or lactose as re- 
gards the structure of this glucose molecule. 

Hudson has established that for sugars of this group, which yield 
glucose and an aldose on hydrolysis, the molecular rotation of the. 
aldose is less than that of its parent sugar by 2340 for its alpha form 
and 19,300 for its beta form. The specific rotation of the a and ^ 
forms of melibiose, gentiobiose and mannotriose calculated in this 
manner agree with those deduced by other methods. 

Three isomerides are conceivable of the non-reducing diglucosb 
according as two a-glucoses, two -glucoses or an a- and a y8-glucose 
are linked together. These three disaccharides will be single substances 
either as solid or in solution and they should crystallise more freely 
than maltose. 

The compound sugars of type 2 which contain fructose are re- 
garded as members of the sucrose group since they all contain the 
sucrose union and are hydrolysed by invertase. 

In the following pages the individual disaccharides are briefly dealt 
with. The problems connected with their hydrolysis and synthesis 
are deferred to Chapter VI. 
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Sucrose. 

Sucrose, saccharose or cane sugar, industrially the most important 
of the sugars, is widely distributed in the vegetable kingdom, where it 
functions almost entirely as a reserve material. In contrast to most of 
the sugars, it crystallises exceedingly readily : this is almost certainly 
due to the fact that a single substance and not a mixture ofisomerides 
is present in solution. It is very soluble in water, and has a much 
sweeter taste than glucose, but is not so sweet as invert sugar. 

Cane sugar does not reduce Fehling's solution nor exhibit muta- 
rotation, and it lacks both aldehydic and ketonic properties. Veiy 
characteristic is the behaviour towards mineral acids which hydrolyse 
it to glucose and fructose. Sucrose is dextrorotatory, but, since 
fructose is more laevorotatory than glucose is dextrorotatory, the 
products of hydrolysis rotate polarised light in the opposite sense to 
cane sugar. The change in rotation is from + 6 6 •5'’ to - 20° : the 
process is hence termed inversion, and the product invert sugar. The 
like change is brought about by an enzyme present in yeasts, moulds, 
in many plants, also in bees and other animals, and termed invertase 
or sucrase. Cane sugar is fermented by yeasts only after previous in- 
version with the invertase of the yeast. Accordingly, it is not fer- 
mented by yeasts which do not contain invertase, e.g. 5 *. octosporus. 

Sucrose forms no compounds with phenylhydrazine,^ and is stable 
towards alkali : this is in marked contrast to the behaviour of the 
aldoses and ketoses. Sucrose will withstand heating in alkaline 
solution at temperatures up to 1 30° without appreciable decomposition. 
It also does not give rise to glucosidic derivatives. It contains eight 
hydroxyl groups, as evidenced by the formation of an octa-acetate and , 
an octa-methyl derivative, but gives rise to one form only of these 
derivatives. 

It forms saccharates, CigHgiO^iM, with sodium and potassium 
hydroxides and more complex saccharates with lime, strontia and 
baryta. 

When sucrose is oxidised by nitric acid oxalic acid is formed, in- 
deed the reaction is of considerable historic interest as oxalic acid was 
first isolated in this way about 1776 by Bergman though Scheele had 
identified the acid shortly before. More recently Chattaway and 
Harris have found that mesoxalic acid is also a considerable product 
of the reaction when the oxidation is violent. 

^ Sucrose is not so indifferent towards the usual phenylhydrazine hydrochloride-sodium 
acetate mixture as is g-enerally supposed : if any free acetic acid is present some hydrolysis 
of the sugar may easily take place with consequent formation of osazone. 
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The application to sucrose of an entirely satisfactory formula has 
long been a matter of difficulty, and whilst provisionally accepting the 
latest suggestions of Haworth and of Irvine it is with a feeling that 
the last word has not yet been said. 

Sucrose is at one and the same time a glucoside and a fructoside in 
which the hexose units are so joined as to destroy both aldehyde and 
ketone groups and give a product which behaves as neutral towards 
aldehydic reagents. 

There is definite evidence in favour of assigning a butylene oxide 
structure to the glucose residue and in the older formula of Fischer 
which in turn was a modification of an earlier one of Tollens, such 
structure was given to both halves of the molecule. Such a formula did 
not express the marked instability of sucrose towards weak acids. 

The behaviour of sucrose towards enzymes indicates that it is not 
a simple glucoside or fructoside ; it is neither hydrolysed by maltase 
nor by emulsin and the known butylene-oxide ; 3 -methyl fructoside is 
not hydrolysed by invertase. Invertase is remarkably active in hydro- 
lysing sucrose and its action seems to be controlled and inhibited hy 
both glucose and fructose ; apparently the enzyme is so constituted 
that it can adapt itself to both sections of the disaccharide. 

As the result of the application of the methylation process Haworth 
and his co-workers at first suggested an ethylene oxide structure foi 
the fructose, but they have abandoned this on further study in favoui 
of an amylene oxide constitution. 

According to Haworth and Law on hydrolysis of sucrose the 
following series of changes take place, the final products consisting o: 
the equilibrium mixtures A and C together perhaps with a small pro- 
portion of B : — 

A B C 

Sucrose [->] a-glucose + a-fructose [^] a-fructose 

ft t t I 

^-glucose jS-fructose [^] jS-fructose 

(Butylene- (Amylene- (Butylene- 

oxide oxide oxide 

forms.) forms.) forms.) 

The arrows in brackets represent changes involving structure ; the 
others indicate stereochemical interconversions. 

The formula of Haworth and Law is based on the behaviour o: 
octomethyl sucrose on hydrolysis. The optical change is small — fron 
+ 667° to + 57° — whereas had the known butylene-oxide forms o 
2:3:5; 6-tetramethyl glucose and tetramethyl fructose been obtainec 
an end value of - 18° was to be expected. Actually a form of tetra- 
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methyl fructose having a rotatory power of + 29-3° is formed, 
hydrolysis may thus be formulated : — 


Octamethyl sucrose [-^] Tetramethyl + 

a-glucose 

I t 

tetramethyl 

^-glucose 

(Butylene- 
oxide forms.) 


tetramethyl 

a-fructose 

1 1 

tetramethyl 
j8-fructose 
(Amylene 
oxide forms.) 


The 


The statement that a-glucose is a constituent of sucrose is based 
on the optical changes on hydrolysis of both sucrose and octamethyl- 
sucrose ; it still requires other confirmation. 

The liquid tetramethyl fructose obtained is abnormal being dextro- 
instead of Isevorotatory : detailed study of its behaviour by Haworth, 
Linnell, and Mitchell has established it as 1:3:4: 5-tetramethyl 
fructose possessing an amylene oxide structure — 


CH2 . CH OMe . CH OMe . CH OMe . C(OH) . CHaOMe 
! O 


Consequently the constitution of sucrose is — 

CH2OH . CHOH . CH . CHOH . CHOH . CH 

! 0 ^1 

O 

I ° \l 

CHo . CHOH . CHOH . CHOH . C . CH^OH 

The combination — O . C . O . C . O — determines the extraordinary 
instability of sucrose in presence of acids as compared with that of 
maltose, lactose, etc. The amylene oxide ring, in contrast to the 
butylene oxide ring, opens by the agency of very weak acids thus 
disturbing the glucosidic linking which then undergoes hydrolytic 
cleavage. The initial condition of the fructose formed is transient as 
it rapidly passes to the stable butylene oxide form. 

It should be mentioned that Boeseken, from conductivity measure- 
ments with sucrose in boric acid solution prefers an alternative structure 
for the fructose unit containing a propylene oxide ring. 

The formula suggested explains the many failures in the past to 
effect the synthesis of sucrose from fructose compounds having a fixed 
ring structure. 

Proof of the formation of the active form of fructose, characterised 
by being able immediately to reduce permanganate, when sucrose is 
rapidly hydrolysed by invertase has been given by Armstrong and 
Hilditch. When sucrose is hydrolysed by hydrochloric acid very little 
indication is obtained of the presence of this form more than what is 
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produced by acid but when the active enzyme is used hydrolysis is 
rapid and the isomeric change relatively small. 

Trehalose. 

Trehalose, which occurs widely distributed in fungi, is composed 
of two glucose molecules fused together, so that both aldehydic groups 
have disappeared : — 

i ^ I 

CH,(OH) . CH(OH) . CH . CH(OH) .CH(OH) . CH\^ 

CH2(0H) . CH(OH) . CH . CH(OH) . CH(OH) . Ch/ 

I 0 ! 

This structure is indicated by the fact that it does not reduce Fehling's 
solution or form a phenyl osazone or exhibit mutarotation. It is not 
affected by the enzymes maltase, invertase, emulsin or diastase, but is 
hydrolysed by a special enzyme named trehalase, which is contained 
in certain fungi and in many species of yeast. Trehalase is conveni- 
ently obtained from Aspergillus niger. * According to Winterstein tre- 
halose is only hydrolysed by acids with considerable difficulty, and 
contrasts markedly in this respect with sucrose. Presumably the 
glucose molecules react in the butylene-oxide form. 

Trehalose crystallises in lustrous rhombic prisms [ajc + I97°* The 
best source for its preparation is Selaginella lepidophylla (the resurrec- 
tion plant) obtainable in large quantities in the arid south-west of 
America ; this contains 2 per cent of the sugar which is readily crys- 
tallised (Anselmino and Gilg). 

Trehalose is also a constituent of sea-weeds. Some of the Floridece 
contain up to lo per cent, of the dried material. It is absent from 
the Fucoidem where it is replaced by a laevorotatory disaccharide, 
termed laminareose, which has not been isolated. Kylin finds that 
laminarin, the dextrin-like polysaccharide of these plants, consists of 
a series of closely related substances with a specific rotation varying 
from - to - 32° as their molecular weight falls. It is hydrolysed 
by malt diastase to glucose and constitutes a reserve foodstuff analogous 
to starch which is utilised by the sea-weed for growth and reproduction 
during the winter. 

Apparently trehalose replaces sucrose in those plants (fungi) which 
contain no chlorophyll and do not manufacture starch. The quantity 
of trehalose is a maximum just before the formation of spores. When 
the fungi are picked the trehalose is rapidly converted into mannitol, 
being hydrolysed by its enzyme to glucose, which is in some way 
then reduced. To obtain it, the fungi must be extracted with boiling 
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solvents, so as to kill the enzyme, within two or three hours after 
gathering. 

As indicated on page 120, there are three possible combinations of 
the two glucose molecules in trehalose. Hudson has calculated the 
specific rotations of these forms to be ajS + 70°, aa + 197°, jSjS - 58°, 
and thus identifies the natural sugar as the aa form. It is probable 
that the form is represented by /i-^-trehalose, which, in an amorphous 
impure state, had - 39° It was prepared by Fischer and Delbruck 
by saponification of the octacetate obtained on condensing two mole- 
cules of acetobromoglucose in presence of silver carbonate and is 
stated to be easily hydrolysed on warming with dilute acids. 

MALTOSE, 

6-Glucose-a-Gliicoside.^ 

A sugar was first isolated from the products of hydrolysis of starch 
by De Saussure in 1819, but it was not until 1847 that this new sugar 
was further examined by Dubrunfaut and named maltose. This dis- 
covery seems to have lapsed into comparative oblivion until the sugar 
was rediscovered by O’Sullivan in 1872. Maltose is prepared by the 
action of diastase on starch, the only other product of the change 
being dextrin. It crystallises in minute needles, has a high dextro- 
rotatory power and exhibits upward mutarofation, i.e. the rotatory 
power when the disaccharide is first dissolved is smaller than the 
equilibrium value. 

Maltose reduces Fehling’s solution, forms a phenylosazone, and 
shows many other of the properties of glucose. 

When hydrolysed by acids two molecules of glucose are formed. 
It is very much more resistant to acid hydrolysis than cane sugar. 

The enzymes diastase, invertase, lactase, and emulsin are without 
action, maltase alone of all the known enzymes being able to effect 
hydrolysis. Maltose is fermented only by those yeasts which contain 
maltase, and then not until inversion has been brought about by the 
enzyme. In view of the behaviour of maltose towards maltase, it is 
considered to be a glucose-a-glucoside, since it is only a-glucosides 
which are hydrolysed by maltase; and in confirmation of this view 
a-glucose has been proved to be formed initially on hydrolysis. 

Maltose yields, on oxidation with bromine, an acid containing the 
same number of carbon atoms, which is termed maltobionic acid ; this 

^ It is proposed to indicate in this manner which carbon of the second sugar is attached 
to the hydroxyl concerned in the union with the glucoside. 
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is hydrolysed to glucose and gluconic acid by mineral acids. Maltose 
combines with hydrogen cyanide, forming a compound which, on 
hydrolysis, gives maltose carboxylic acid, and is hydrolysed by 
mineral acids to glucose and glucoheptonic acid. Maltose must con- 
tain eight hydroxyl groups, as it gives an octa-acetyl derivative whbn 
acetylated. The behaviour of maltose is in accord with the constitu- 
tional formula below, first suggested by Fischer, which has long been 
current. Proof as to which carbon atom is concerned in the attachment 
of the two sugar residues has been given by Haworth and Leitch — 


CHsCOH) . CH(OH) . CH . [CH . 

! 0 - 


0H]2 . CH-0 . CH. . CH(OH) . CH . [CH . OH]^ . CH . OH 


The method employed by Haworth and Leitch was to hydrolyse the 
completely methylated maltose — heptamethylmethylmaltoside — and to 
identify the products of scission as tetramethyl glucose and a trimethyl 
glucose having the structure 


HO . CHg . CH(OMe) . CH . CH(OMe) . CH(OMe) . CH . OH 

I 0 ^ 

Proof is thus afforded that the primary alcohol group on carbon 6 
is the point of union of the two hexose residues. 

Confirmation of this structure is afforded by the behaviour of maltose 
on oxidation with alkaline hydrogen peroxide, studied by Lewis and 
Buckborough, when relatively large amounts of glycollic acid glucoside 
are formed The participation of the first, second and third atoms 
from the free aldehyde group in the glucoside union is precluded by 
the formation of a- and ^8- £ri7-saccharinic acids on oxidation, and the 
non-formation of glyceric acid glucoside excludes the fourth atom. 

Maltose forms a glucoside analogous to methyl glucoside, but the 
direct condensation with methyl alcohol in presence of acid is not 
possible, as the disaccharide becomes hydrolysed during the operation. 
/S-Methyl maltoside has been prepared from acetochloro maltose, ob- 
tained by the action of hydrogen chloride on maltose octa-acetate. 
Acetochloro maltose interacts with methyl alcohol in presence of 
silver carbonate, forming hepta-acetyl methyl maltoside, which is con- 
verted into methyl maltoside on hydrolysis with baryta. The be- 
haviour of this maltoside towards enzymes is interesting. Maltase 
hydrolyses it at the a-junction, forming glucose and y8-methyl gluco- 
side ; emulsin attacks only the y8-junction, forming maltose and methyl 
alcohol. The maltoside is accordingly y9-methyl glucose-a-glucoside. 

The conversion of maltose octa-acetate into /3-methyl maltoside 
fixes it as a ^-derivative, and since this acetate is the main product of 
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the acetylation of solid maltose it is probable that maltose belongs to 
the yS series. The rotatory power of crystalline maltose, unlike that 
of glucose, increases in solution. According to Hudson’s rule maltose 
is a yS compound. 

Octacetyl maltose apparently forms a crystalline addition product 
with dry hydrogen chloride in ether solution. The compound is very 
sensitive and presumably contains no oxygen ring. 

An unusual form of reduction in the sugar group has been ob- 
served by Irvine and Dick. Maltose octacetate when treated with 
hydrogen iodide in methylene chloride solution is apparently reduced 
to a methyl pentose derivative : after reaction with methyl alcohol 
and hydrolysis of the acetyl groups methyl glucoarabinoside is obtained. 

ISOMALTOSE. 

S-Glucose-yS-glucoside. 

Isomaltose is the name given by Fischer to the disaccharide ob- 
tained by him by the condensing action of strong acids on glucose. 
It was characterised only by means of the phenylosazone and the fact 
that it is not fermented by yeast. Products similar to isomaltose have 
been repeatedly described as obtained in the hydrolysis of starch, e.g. 
gallisin. Isomaltose is probably identical with the disaccharide ob- 
tained by Croft Hill by the synthetic action of maltase on glucose 
(see Chapter VI.) which he termed revertose. E. F. Armstrong 
has shown that isomaltose is hydrolysed by emulsin, but not by inver- 
tase or maltase, and considers the isomaltose obtained by means of 
acids or enzymes to be the same in each case. The behaviour towards 
emulsin and maltase suggests that it is probably glucose-^S-glucoside. 

A quantitative study of the action of hydrochloric acid of much 
lower strength (07 normal) than used by Fischer on glucose has been 
made by Harrison. He isolated unfermentable isomaltose, and 
showed that in 52 per cent, glucose solution the final ratio of isomaltose 
I to glucose is 2:3. Davis finds that synthesis of isomaltose takes 
I place in a i per cent, solution of glucose in fuming hydrochloric acid 
I (40 per cent acid). 

Isomaltose as described by Lintner, who first obtained it from 
starch, has + 139° : the phenylosazone which was readily soluble 
in hot water has m.p. 152°. Later observers consider it a mixture of 
maltose and dextrin but a similar unfermentable fraction was obtained 
by Ling and Baker in 1 897. 

The most recent work of Ling and Nanji has probably definitely 
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settled the existence of isomaltose. The most convenient way of pre- 
paring it is to let precipitated malt diastase act on crude amylopectin 
or on (x/3-hexa-amylose at 50°? remove the glucose formed by fer- 
mentation and purify the syrup by treatment with alcohol in the 
usual manner. The white hygroscopic powder obtained cannot be 
induced to crystallise; it has a sweeter taste than maltose. The 
rotatory power [a]j, + 140° and the reducing power R80 are as stated 
by Lintner. 

In view of Irvine's identification of 2, 3, 6-trimethylglucose as a 
product of hydrolysis of methyl starch, isomaltose from starch may 
well be S-glucose glucoside : it is so formulated by Ling — 

] ^ ^1 

CH2OH . CHOH . CH . (CH0H)2 . CH 

> 

OHCH . (CH0H)2 . CH . CH . CH^OH 

I 0 i 

Its relation to cellose still requires elucidation. 

CELLOSE (CELLOBIOSE). 

5-GIucose-j8-glucoside. 

Cellulose (filter paper) when acetylated with acetic anhydride and 
a small amount of sulphuric acid forms a-cellose octacetate, among 
other products, from which the corresponding sugar, cellose, is ob- 
tained on hydrolysis with alcoholic potash. 

Cellose forms a fine crystalline powder, m.p. 225“, and has a faintly 
sweet taste; it is much less soluble than sucrose. It exhibits muta- 
rotation, reduces Fehling’s solution and forms a phenylosazone and 
osone. Acetochloro, acetobromo and other derivatives are known, 
cellose behaving exactly like maltose or lactose. 

Lichenin from Cetraria islandiea which is closely allied to cellulose 
also yields cellose octacetate on acetolysis. 

The a-octacetate prepared by acetylation of the sugar in presence 
of zinc chloride or sulphuric acid has m.p. 229°, [a]n + 41°. The 
octacetate is obtained on acetylation in presence of sodium acetate and 
has m.p. 202°, [a]„ - 1 5°. It is readily transformed into the a-isomeride 
on heating with acetic anhydride in presence of sulphuric acid, so that 
the production of a-octacetate by the acetolysis of cellulose does not 
indicate whether cellulose is a condensation product of o- or /3-ceIlose. 
Klein has shown that it is possible to obtain 30 per cent, of the 
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theoretical yield of cellose octacetate indicating that at least one-third 
of the monosaccharides in cellulose are united as in cellose. 

Cellose is not attacked by the enzymes of yeast (maltase). It is 
hydrolysed by emulsin, and slowly by Kephir lactase and by Aspergillus 
niger. Fischer points out that inasmuch as emulsin is a mixture of 
enzymes it is not certain that the same enzyme which hydrolyses 
yS-methylglucoside also resolves cellose, gentiobiose and isomaltose. 
Bertrand and Compton have established the individuality of cellase, 
the enzyme acting on cellose, and shown that cellase and emulsin occur 
together in plants in variable proportions. There is, however, con- 
siderable similarity in the behaviour of lactose and cellose towards 
enzymes, and this analogy becomes all the more striking when Hud- 
son’s proof that the glucose residues in these two sugars have similar 
structures is considered. 

When methylated cellulose is hydrolysed the most characteristic 
methylated glucose obtained is a crystalline trimethylglucose. Denham 
and Woodhouse have established the formula of this as 


CH2(OMe) . CH(OH) . CH . (CH . OMe^ . CH{0H) 

i O ! 

It is definitely a butylene-oxide compound. 

As the same trimethyl derivative is derived from cellose (Haworth 
and Leitch), and taking into account also the similarity between the 
glucose residues in cellose and lactose, it is possible to suggest the 
following structural formula for cellose : — 


CH2{0H) , CH(OH) . CH . (CH0H)2 . CH . = glijcoside 



HO . CH . (CH0H)2 . CH . CH . CHgfOH) = glucose 
I I residue 


' O ' 

This has been confirmed by Bergmann and Scholte who show that 
hydroglucal is obtained from reduced cellobial on hydrolysis by 
emulsin. 

Cellose forms a reduction product cellobial, analogous to glucal, 
which is oxidised by perbenzoic acid to a new crystalline disaccharide, 
5-glucosidomannose [a]^ + 15® It is slowly attacked by emulsin. 

Cellobial hexacetate contains a mobile acetyl group in the un- 
saturated portion of the molecule. Boiling water removes this and a 
rearrangement of the oxide ring takes place, a new hexacetate being 
formed on reintroduction of the acetyl group. 


9 
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According to Ost, the crude acetates derived from cellulose contain 
40 per cent, of cellose octacetate, 40 per cent of A^cellose octacetate 
and 15 per cent of incompletely hydrolysed acetates of cellulose dex- 
trins- The new biose A^cellose crystallises in needles and shows muta- 
rotation the final value of being + 24-6°. It reduces Fehlings 
solution and forms an osazone melting at i65°-i67°. It is hydrolysed 
more slowly than most other disaccharides. It is more probable, how- 
ever, as shown by Bertrand and Benoist that it is a mixture of cellobiose 
and the trisaccharide, procellose. 


GENTIOBIOSE. 


6-Glucose-/?’Glucoside. 

Gentiobiose is found in the form of a trisaccharide, termed genti- 
anose, present in the roots of various species of gentians ; when 
partially hydrolysed either by means of invertase or dilute acids this 
yields fructose and gentiobiose. The octacetate is conveniently ob- 
tained direct from powdered gentian root (Zemplen), and Hudson has 
obtained as much as 10 grams per kilo, of the dry root in this way. 

Gentiobiose shows mutarotation, the a and ^ forms having rotation 
+ 39° and - 11° respectively and the equilibrium mixture - 9*6°. 
It forms a phenylosazone, m.p. ido'^-iyo'': other derivatives are the 
a- and y8-octacetates and ^-methylgentiobioside which has [a]j, 36°. 

It is hydrolysed by emulsin and is therefore a j8-glucoside. Bour- 
quelot has prepared and isolated it in a pure state by the action of 
emulsin on a concentrated solution of glucose, and his observations 
have been confirmed by Zemplen. It is concluded that gentiobiose 
and isomaltose are not identical since, whereas the octacetate of the 
former is readily isolated from very impure products, an acetyl deriva- 
tive could not be obtained from isomaltose syrups. 

Haworth and Wylam have identified the products of hydrolysis of 
completely methylated gentiobiose as 2 : 3 : 5 : 6-tetramethylglucose 
and 2 : 3 : 5-trimethyIglucose. They further consider that gentio- 
biose is the disaccharide which occurs in amygdalin, a conclusion con- 
firmed by synthetic work. Accordingly gentiobiose has the structure 


CHOH . (CH0H)2 . CH . CHOH . CH, 

I ^ I 


CH 3 OH . CHOH . CH . (CHOH).> . CH-^ 

! o— U ' 
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LACTOSE, 

S-Glucose-^-Galactoside. 

Lactose or milk sugar, discovered in 1615 by Fabriccio Bartoletti, 
in Bologna, occurs in the milk of all animals, but has not been en- 
countered in the vegetable kingdom. It is manufactured by evapora- 
tion of whey, purified by recrystallisation, and obtained in the form of 
a white crystalline powder. Mineral acids hydrolyse it to glucose and 
galactose; it exhibits mutarotation, reduces Fehling’s solution, and 
forms a phenylosazone soluble in boiling water. Like glucose it gives 
rise to two series of isomeric derivatives, e.g. octacetates, acetochloro 
lactoses and methyl lactosides. Three isomeric modifications of the 
sugar itself have been described corresponding to the a- and jS-iso- 
merides and their equilibrated mixture. It is a glucose-galactoside, 
since, on oxidation with bromine, lactobionic acid is formed, and this 
when hydrolysed by mineral acids gives gluconic acid and galactose, 
proving that the potential aldehyde group is in the glucose part of the 
molecule. 

Adopting Fischer’s glucoside formula for lactose, it is a question, 
as previously indicated, whether the primary alcohol group or the S- 
secondary alcohol group of the glucose molecule takes part in the union 
with the galactose. The possibility of either the a- or y-secondary 
alcohol groups being concerned is excluded by the facts that lactose 
forms a phenyl osazone, exhibits mutarotation, and gives rise to de- 
rivatives having a butylene-oxide structure. The jS-secondary alcohol 
group can also be excluded from consideration, as Ruff and Ollendorf 
have obtained, on oxidising the calcium salt of lactobionic acid by 
Fenton’s method, a galactoarabinose sugar which forms a phenyl- 
osazone in which this j8-alcohol group is involved. It must therefore 
be uncombined in the parent lactose. 

It remains therefore to decide in favour of the two remaining for- 
mulae. Here again as in the case of sucrose a study of the fully 
methylated lactose made by Haworth and Leitch enables a decision 
to be made. Heptamethyl methyl-lactoside, on hydrolysis at 80°, yields 
tetramethylgalactose and a trimethylglucose having the constitution 

CH^COMe) . CH(OH) . CH . (CH . 0Me)2 . CH . OH 

I O 1 

This affords definite proof that the secondary alcohol group of the 
fifth or S-carbon atom of the glucose chain is concerned in the attach- 
ment of the two hexose sugars. 


9 
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Accordingly milk sugar has the constitution 

CH,(0H).CH.(CH.0H)3.CH. 

i 0 - 



= j3-galactoside 
residue 


HO . CH . (CH . 0H)o . CH . CH . CH2(0H) = glucose 

residue 


The isomeric a and jS forms of milk sugar, originally described by 
Tanret and investigated subsequently by Hudson, differ only with 
respect to the relative positions of the hydrogen and hydroxyl radicles 
attached to the carbon atom, printed in clarendon type, in the glucose 
half of the molecule. Tanret’s 7-lactose is an equilibrated mixture, 
a-lactose is properly a-glucose-j8-galactoside, whereas j8-lactose is 
jS-glucose- j8-galactoside. 

The milk sugar of commerce is a-lactose, [a]o 90°. The form 
has +35° and the equilibrated mixture + 55 * 3 '’- 

Galacto-arabinose is of interest as an example of a synthetical 
disaccharide containing both hexose and pentose sugars. It is 
therefore akin to the natural sugar rhamninose. The formation of 
galacto-arabinose affords additional proof that lactose is a galactoside. 

Lactose is hydrolysed by a specific enzyme lactase found in a few 
yeasts (or, more correctly, torulae), in some kefir preparations, and in 
the enzyme (crude emulsin) contained in an aqueous extract of almonds. 
It is believed that kefir lactase and almond lactase are not identical. 
Lactose is not hydrolysed by maltase, invertase, diastase, nor by any 
of the enzymes of dried brewers’ yeast Only those yeasts (torulae) 
which contain lactase are capable of fermenting milk sugar. Lactose 
is particularly prone to undergo lactic and butyric acid fermentations. 

holactose is the name given to a disaccharide obtained by Fischer 
and Armstrong by the synthetical action of the enzyme kefir lactase 
on a concentrated solution of equal parts of glucose and galactose, 
and isolated in the form of the phenylosazone. It has not been 
further studied. 


MELIBIOSE. 


6-Glticose-j5-Galactoside. 

Melibiose, together with fructose, is obtained from the trisaccharide 
raffinose by hydrolysis with dilute acids or certain yeasts (Scheibler 
and Mittelmeier), It crystallises with difficulty and it is advisable 



THE DISACCHARIDES 


133 

to remove the fructose from the products of hydrolysis of raffiiiose 
by fermentation with a top yeast before attempting to isolate it 

Hudson obtains as much as 200 grammes from 500 grammes of 
raffinose by fermenting with baker s yeast in ro per cent solution for 
36-48 hours. The sugar separates with difficulty from a thick syrup, 
to which ethyl alcohol has been added, in monoclinic prisms. It is 
very soluble in water. 

It exhibits mutarotation, the a form having + 197°, the ^ form 
4- 125° and the equilibrium mixture + 143°. When hydrolysed with 
strong acids melibiose yields glucose and galactose. On reduction 
with sodium amalgam, an alcohol, melibiitol, is formed. This, when 
hydrolysed, is converted into mannitol and galactose. Melibiose is 
thus a galactoside of glucose, i.e. very closely related to milk sugar. 

It forms a phenylosazone, an osone, which latter decomposes to 
galactose and glucosone, and a double series of derivatives in the same 
manner as lactose. 

Melibiose is slowly hydrolysed by emulsin, more rapidly by -an 
enzyme contained in bottom fermentation, but not in top fermentation 
yeasts : this enzyme is appropriately termed melibiase. Melibiose is 
not attacked by maltase, invertase or lactase. It affords a chemical 
means of distinguishing between top and bottom fermentation yeasts. 
It is apparently less easily hydrolysed by acids than is milk sugar. 

Melibiose and lactose differ in regard to wdiich hydroxyl of the 
glucose molecule is attached to the galactoside. Evidence is all in 
favour that carbon atom 6 is concerned and the isolation of 2:3:5- 
trimethylglucose and the same tetramethylgalactose as obtained from 
lactose from the products of hydrolysis of raffinose confirms the con- 
stitution of melibiose as 

o i 

CH2(0H) . CH , (CH . OHJj . CH $ = galactoside residue 
CH(OH) . (CH . 0H)2 . CH . CH(OH) . CH^ = glucose residue 

I 0 ! 

Added interest attaches to melibiose in view of its being the first 
natural disaccharide obtained synthetically (Fischer and Armstrong, 
see p. 1 5 2) : it was prepared from acetochlorogalactose and sodium 
glucosate. 

Melibiosone, which can be prepared from the osazone by heating 
with benzaldehyde, is hydrolysed by emulsin or by melibiase to 
galactose and glucosone. 
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^ ■ Turanose. 

Turanose was discovered by Alechin in 1890 as a product, together 
with glucose, of the partial hydrolysis of a trisaccharide, melicitose, 
with weak acids. He stated that it yielded two molecules of glucose 
oil further hydrolysis, but Tanret subsequently showed that an equi- 
molecular mixture of glucose and fructose is produced. Turanose is 
hydrolysed with such difficulty that much of the fructose liberated is 
destroyed by the strong acid solutions that must be used. Turanose 
is thus an isomeride of sucrose, but differs from this in containing a free 
aldehydic group, since it forms a phenylosazone and reduces Fehling’s 
solution. It is said not to exhibit mutarotation and crystallises in 
colourless rounded grains, [ajn + 71*8°. It is not at present known 
whether it is to be regarded as a fructoside or a glucoside. Invertase, 
maltase, emulsin and diastase are without action. 

« Jv r * 'S’"'.' / ^ Vicianose. 

Vicianose was obtained by Bertrand from the seeds of a vetch ( Vzda 
angustifolia) where it is present in the form of a glucoside, vicinin, 
allied to amygdalin. Vicianose is glucose-arabinoside, since on oxida- 
tion and subsequent hydrolysis gluconic acid and arabinose are formed. 
Accordingly, in the glucoside the glucose group is attached to the 
benzaldehyde cyanhydrin. 


Primeverose. 

Primeverose, m.p. 209°-2io°, [a]^ initially + 227° and finally - 3*4°, 
crystallises in the anhydrous state. It is obtained from the glucosides 
primeverin and primulaverin, isolated by Goris and Vischniac from 
Primula officinalis. It reduces Fehling^s solution and forms an 
osazone m.p. 224°. On hydrolysis it yields one molecule each of 
glucose and xylose, the free aldehyde group being in the glucose 
residue : it is therefore a xyloside, C5H9O4 - 0 . CgHiiOs. 


Strophantobio3e. 

Strophantobiose is a component of the glucoside strophantin. 
When this glucoside is hydrolysed by hydrogen chloride in methyl 
alcohol methyl strophantobioside is formed. This does not reduce 
Fehlings solution and is hydrolysed by mineral acids to mannose, 
rhamnose and methyl alcohol 
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TRISACCHARIDES, QgHgAe- 

Mannotriose. 

Mannotriose, m.p. 150°, [a]o + 167°, a colourless faintly sweet 
crystalline substance, is obtained from stachyose by the action of in- 
vertase or of dilute acetic acid. It reduces Fehling’s solution and 
forms a phenylosazone, m.p. I22°-I24° (Tanret). According to Bierry 
the compound, m.p. 193°-! 94°, described by Neuberg and Lachmann 
was impure. Mannotriose is hydrolysed by acids to glucose (one mole- 
cule) and galactose (two molecules). Bromine oxidises it to mannotri- 
onic acid which is hydrolysed by acids to gluconic acid and galactose, 
thus locating the glucose molecule at the end of the chain. The action 
of enzymes on mannotriose is still a matter of uncertainty. Bierry has 
shown that the. intestinal juice of the snail probably first forms 
galactose and a disaccharide, glucose + galactose, which is subsequently 
hydrolysed. According to Neuberg and Lachmann glucose and a 
digalactose are formed by the action of almond emulsin. 

The constitution is probably 

CHO . C5H,oO,~0-~C5HioO,-0-C6H,,05 
Glucose Galactose Galactose 

Gluco-galactose. Digalactose. 

Rhamninose. 

Rhamninose, m.p. I3S°-I40°, [aj^ - 41°, is derived from 

the glucosidexanthorhamnin present in the Persian berry {Rhamnus in- 
fectoria). The berries also contain a specific enzyme, rhamninase, which 
resolves the glucoside into the tri saccharide and rhamnetin. The car- 
bohydrate forms colourless crystals which are somewhat sweet : it re- 
duces Fehling’s solution. On hydrolysis by mineral acids galactose 
and rhamnose (two molecules) are formed. The galactose is proved to 
be the terminal unit since the rhamninitol and rhamninonic acids, formed 
by reduction and oxidation respectively, are hydrolysed by acids to 
dulcitol or galactonic acid and rhamnose (two molecules). Rhamninose 
is not fermentable and the ordinary enzymes are without action. It 
appears to be slowly hydrolysed by the intestinal juice of Helix. 

The formula may be written 

CHO . CsHioO^^O-CeHiiOs-O-CeHjP, 

Galactose. Rhamnose. Rhamnose. 

Rafiinose. 

The best-known trisaccharide is raffinose, m.p. [ajj, + 

104° often found in considerable amount in the sugar beet, and 
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present in other plants. The best source for the preparation of raffin- 
ose is cotton-seed meal which contains it to the extent of nearly 
8 per cent. : this proportion of the weight of the cotton-seed cake 
that is produced annually in the United States amounts to 
100.000 tons. The raffinose is extracted from the meal with water, 
and after purification by means of its barium salt, may be isolated from 
the latter by exact neutralisation of the barium with phosphoric acid. 
Strong mineral acids hydrolyse it completely to fructose, glucose and 
galactose in equal proportions. . Dilute acids form melibiose and fructose. 
The action of enzymes on raffinose is more specialised ; invertase con- 
verts it into fructose and melibiose. Emulsin, however, hydrolyses it 
to sucrose and galactose. Bottom yeasts which contain both melibiase 
and invertase are able to ferment it completely. 

Raffinose has no reducing action and behaves chemically as cane 
sugar. The constitutional formula may be written — 

C,H„0,-0-C5H„0,-0-C,H..0. 

Fructose Glucose Galactose 

^ ^ V J 

Sucrose. Melibiose. 

On methylation hendecamethyl raffinose [a]j^ + 128° is obtained 
(Haworth, Hirst and Ruell) from which, on hydrolysis, the cleavage 
products identified were tetramethyl-ry- fructose, butylene oxide 2:3:5- 
trimethylglucose and tetramethylgalactose. From the study of these 
products the formula deduced for raffinose is 
CH, , OH 


—C 0— 

CH. OH 

=CH 

CH. OH 

CH2.OH 

CH 

n C 



^ CH.OH 

CH.OH 

CH . OH 

CH . OH 

_CH 

CH.OH 0 

-CH, 

CH . OH 

CH.OH 1 


CHg 0 CH^ ' 

Fructose Glucose Galactose 

unit unit unit 

* — “V * — * 

Raffinose, 

Gentianose. 

Gentianose, m.p, 209'’-2io",[a]o + is obtained in fatptly 

sweet, colourless, crystalline plates by extracting fresh gentian roots with 
95 percent alcohol. It is non-reducing and is hydrolysed by invertase 
or very dilute acids to fructose and gentiobiose. Some emulsin prepara- 
tions, in particular extracts of Aspergillus niger^ convert it into glucose 
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and sucrose (Bourquelot). According to Bridel the reversible change 
between gentianose and sucrose in the roots of gentians is governed 
by the activity of the enzyme gentiobiase. Stronger acids hydrolyse 
it to a mixture of fructose and two molecules of glucose having 
[ajo - 20*2°. Animal enzymes are without action, but those of mol- 
luscs and crustaceae, particularly of the snail, act firstly to eliminate 
fructose and then hydrolyse the gentiobiose (Bierry). 

The constitutional formula is thus written — 

CgH 0 — CgH jqO^ — 0 — CgH j;jO 5 

Fructose Glucose Glucose 

Sucrose. Gentiobiose. 

Melezitose. 

Melezitose (Melicitose), m.p. 148°-! 50°, [aj^ + 88*5°, crystallises in 
rhombic prisms ; it is obtained from Briangon manna, the exudation 
from the young twigs of the larch. It does not reduce Fehling^s 
solution, exhibit mutarotation, or form a phenylosazone. Dilute acids, 
e.g. 20 per cent, acetic acid, hydrolyse it to turanose and glucose, the 
rotation falling to + 63°. Living yeast and enzymes are without 
action. Stronger acids give rise to fructose (one molecule) and glucose 
(two molecules). It forms a hendeca-acetate, m.p. 117°, [a]^, + 110°. 

Hudson has obtained it in quantity from the manna exuded by 
the Douglas fir tree, which contains as much as 75 per cent of the 
trisaccharide He also found the sugar in comb honey which the bees 
had collected from pine trees. It is also present to the extent of 30 
per cent in Turkestan manna. 

The constitution may be represented provisionally by the alterna- 
tive formulae: — 

1. glucose + fructose + glucose. 

2. glucose + glucose + fructose. 

These would assign to turanose the structure alternatively of a glucoside 
or fructoside. 

Procellose. 

Pfocellose is a by-product obtained in the preparation of cellose 
from cellulose by Bertrand and Benoist and is prepared from the 
alcoholic mother-liquors which remain after the crystallisation of 
cellose octa-acetate. It crystallises in the form of spherical crusts. 
The composition of procellose corresponds with that of a tri-saccharide 
of glucose; this is confirmed by cryoscopic observations. It has 
m.p. 210°, [a]^^ 4 * 22 " 8 °, and forms an asazone of bright yellow colour 
which turns brown on exposure to air. Its reducing power is 50 per 
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cent of that of glucose. The authors represent its constitution by 
the formula 


-O- 


OH . CH 2 . CH{OH) . CH . [CH(0H)]2 . CH 
-O ^ 


CH . [CH(0H)]2 . CH . CH . CHg . OH 

(!) 

CHO . [CH(OH)]s . CH . CHq . OH 


and suggest that it is derived from the structure-unit of cellulose 
(cf, Irvine and Hirst), by fixation of a molecule of water and opening 
of the triglucose ring. It is stated that hydrolysis should yield first 
one molecule of cellose and one of dextrose and finally three molecules 
of dextrose. 


TETRASACCHARIDES, 

Stachyose. 

Stachyose (Mannotetrose, Lupeose) is found in the tubers of 
St achy s tubifera, in ash manna, in the twigs of white jasmine and in 
the subterranean parts of Lamimn album. 

It is probably identical with lupeose obtained by Schulze from 
Lupinus luteus and Angustifolius. It forms lustrous colourless plates, 
m.p. 1 67°-! 70°, [a]j^ + 148°, and tastes quite sweet. 

Fehling’s solution and alkali are without action on it Acetic 
acid and the invertase of yeast hydrolyse it into mannotriose and 
fructose. Sulphuric acid causes complete hydrolysis to hexoses. It 
is also hydrolysed by the intestinal juice of Helix pomatia v^hxch first 
eliminates fructose, then galactose and finally resolves the gluco- 
galactoside remaining as described under mannotriose. Animal 
intestinal enzymes, though they hydrolyse sucrose, are without action 
on stachyose, the enzymes of molluscs and crustacem are also without 
action. Vintilesco claims to have hydrolysed stachyose completely 
by the successive action of invertase and almond emulsin. On oxida- 
tion with nitric acid, mucic acid is formed. 

The formula may be expressed 

^6^11^5 O ^ 6 ^ 10^4 — ^ — ^6^10^4 — ^ ^ 6 ^ 11^5 

Fructose Glucose Galactose Galactose 

' - -f 

Mannotriose. 

It forms an insoluble compound with strontium hydroxide and is 
so easily separated. Tanret has thus isolated it from haricot-beans 
and the seeds of a number of other leguminosae. 



CHAPTER VI. 


HYDROLYSIS AND SYNTHESIS. 

Hydrolysis of Disaccharides. 

Disaccharides are hydrolysed to monosaccharides by mineral and 
organic acids in accordance with the equation — 

H 2 O = 2CgHj^206 

Any acid will act on each sugar, though the intensity of the action 
differs more or less according to the acid or the disaccharide. 

The disaccharides are also hydrolysed by enzymes. The action 
of enzymes is essentially selective : each particular sugar is hydrolysed 
only by its appropriate enzyme and by no other. There is thus a 
sharp distinction between the two classes of hydrolysing agents. 

Great historical interest attaches to the phenomenon of the hydro- 
lysis of cane sugar by acids as it was one of the first chemical changes 
of which the course was followed by physical methods.^ The change 
in sign of the optical rotatory power on inversion was first announced 
by Biot in 1836. A few years later Wilhelmy (1850) showed that the 
amount of sugar changed in any given moment is a constant percent- 
age of the amount of unchanged sugar present. This is known as 
Wilhelmy’s law, and put into mathematical form it is expressed by the 
equation 

^ — K(a - :r) la — initial amount of sugar. 

I a where J ^ = amount already inverted, 

or K = 1 1 = time which has elapsed since the reaction started. 

This law has been carefully verified experimentally: the above 
expression is the simplest type of mass action equation. The velocity 
constant K represents the rate at which the sugar is inverted. 

Cane sugar is hydrolysed at very different rates by different acids. 

^ It is outside the limits of this monograph to do more than indicate the salient features 
of hydrolysis. A most valuable and complete summary of the literature bearing on the 
subject, with a bibliography complete up to 1906, is contained in a report presented by R. J. 
Caldwell to the British Association at York, 1906. The subject has of late years been 
studied by W. C, McC. Lewis. 
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If the acids are classified in order according to their power of hydro- 
lysing sucrose they will be found to be also arranged according to 
their electrical conductivity and power of hydrolysing methyl acetate. 
This fact was first recognised by Ostwald in 1884. Other disac- 
charides and the glucosides are also hydrolysed by acids in accordance 
with Wilhelmy’s law, but hydrolysis takes place far more slowly than 
in the case of cane sugar. Indeed, whereas cane sugar is rapidly 
hydrolysed by normal sulphuric acid at 20°, milk sugar requires * 
longed heating at 80° to effect the same proportion of change. , 
strong and Caldwell give the relative ease with which hyd.’^ 
takes place as milk sugar i, maltose i‘27, cane sugar 1240. 
figures relating to the glucosides are given in Table XV. ‘ 


TABLE XV. 


Compound. 

Relative Rate of 
Hydrolysis. 

a- Methyl glucoside 
^-Methyl glucoside . . 

a-M ethyl galactoside . 
j3-M ethyl galactoside . 

Salicin 

Maltose . 

Milk sugar .... 

100 

179 

542 

884 

601 

740 

582 


The relative strength of acids as measured by their inverting power 
is dependent on the nature of the sugar by means of which the com- 
parison is made, and even with the same sugar fl^e patio is different at 
different temperatures. The following table cc^|)iled by Caldwell 
illustrates this point. It would, however, lead too far to discuss the 
significance of these observations here : — 


TABLE XVI. 


Sugar Hydrolysed. 

Temp, 

Relative Activities of the Acids. 

HCl. 

H.jtS 04 . 

H2C204. 

Camphor- 

Sulpbonic 

(Reychler). 

Sucrose . • . . 

25' 

100 

537 

i8*2 

89-8 

Salicin .... 

95“ 

100 

49*9 

23*3 

— 

Maltose .... 

74° 

100 

40*5 

14-1 

— 

Lactose .... 

60“ 

100 ' 

47*7 

— 

68’6 

(Conductivity) . 

25° 

100 

61*9 

197 



The foregoing data (Table XV.), though at present somewhat 
scanty, afford important material for the discussion of the nature of the 
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hydrolytic process. Considering the hydrolysis of the glucosides two 
views are possible, either (i) that the compound behaves much as the 
simple ether CH^ . O . CHg would, and that the hydro lyst becomes as- 
sociated with the oxygen atom to which the CHg group is attached ; or 
(2) that the attachment is to the oxygen atom in the ring. On the 
former view the two isomeric a- and ^-glucosides should be hydrolysed 
with equal readiness, as the methoxyl groups are equally weighted in 
' and jS-position. 

:tually in the case of both glucose and galactose the jS- derivative 
^olysed about i *75 times as readily as the a- derivative, and as 
is every reason for thinking that the mechanism of change is the 
DiS in both cases, the difference in the rate of hydrolysis can only 
be due in the main to the relative distances of the OCH3 groups from 
the centre of the change. 

There is little doubt that the active system, within which change 
takes place, is formed by the association of acid-water molecules with 
the oxygen atom in the pentaphane ring. Oxonium compounds are 
formed of the type already discussed at length on pp. 46-48. In 
other words, this oxygen is the centre from which attack proceeds. 

As elsewhere pointed out (p. 118), two types of reducing disac- 
charides may be formulated according to whether the primary or 
secondary alcohol group of one sugar is joined to the glucoside half 
of the molecule. These types may be formulated in skeleton thus ; — 



Type A. — Secondary alcohol junction. 



Type F. — Primary alcohol junction. 


In disaccharides of type A, attack will proceed from both penta- 
phane oxygen centres X and Y towards the centre marked Z, at which 
scission of the molecule occurs : Centre Y is further removed from 
exercising influence than centre X. 

In disaccharides of type B, centre Y is still further removed from 
centre Z, and its influence may be supposed to be correspondingly 
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weakened. Carbohydrates of this type will be least easily hydro- 
lysed. 

Differences introduced by the second hexose occupying the a- or 
/3-positions will mainly affect the distance XZ in the formula, i.e. in 
practice they will increase or decrease the magnitude of the attack 
from the centre X, but they will also have an effect on the nearness of 
the centres Y and Z, As before mentioned, these reasonings are best 
followed with the aid of a solid model. 

It is possible on the basis of the foregoing argument to assign type 
formulae to many of the disaccharides ; for example, as lactose is more 
easily hydrolysed than melibiose it might be assigned to type A and 
melibiose to type B ; other methods have proved this to be actually 
the case. It is best, however, to defer such speculations until the rates 
of hydrolysis of all the disaccharides have been compared under com- 
parable conditions, and it is to be hoped, now that many of these 
sugars are more easily available, that this work will be undertaken. 

Enzymes are far more active as hydrolysing agents than acids, a 
very minute quantity at the ordinary temperature being far more 
powerful than very strong acid at a high temperature. 

It is perhaps desirable here to lay emphasis on the difference 
noticeable in the behaviour of enzymes and acids respectively as 
hydrolytic agents. It is due mainly, if not wholly, (i) to the superior 
affinity of the enzymes for the carbohydrates ; (2) to the very different 
behaviour of the two classes of hydrolysis towards water — which is 
a consequence of the colloid nature of the one and the crystalloid 
nature of the other. In other words, whereas there is competition 
between the solvent water and the carbohydrate for the acid, water 
has very little attraction for the enzyme : in consequence, practically 
the whole of the enzyme present is taking part in the operation of 
hydrolysis. 

The Synthesis of Monosaccharides by Chemical Means. 

The synthetical preparation of natural dextro-glucose from its ele- 
ments may be justly claimed as one of the greatest achievements of 
the chemist, and it is enhanced in interest by the great biological im- 
portance of the carbohydrates. 

In the following section a brief outline is given of the operations 
performed in preparing glucose and fructose from their elements. 
Dealing first with the earlier work, the first attempt which was in any 
way successful was that made by Butierow, who showed that when 
trioxymethylene is condensed by means of lime water a syrupy sub- 
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stance is obtained which has the properties of a sugar. Subsequently 
Loew improved the technique of the method and named the product 
he obtained formose. Fischer and Tafel started with acrolein dibro- 
mide and effected condensation of this by means of baryta, the change 
being expressed by the equation 

. 2 C 3 H 40 Br 2 + 2Ba(0H)3 = -!- 2BaBr2 

They showed that the syrupy product obtained contained two sugars 
distinguished as a- and yS-acrose. Subsequently glycerose was made 
the starting-point for the synthesis ; crude glycerose is a mixture of 
glyceric aldehyde, CH2(OH) . CH(OH) . CHO, and dihydroxyacetone, 
CH 2 ( 0 H) . CO . CHaCOH), and these two compounds can be formu- 
lated as undergoing the aldol condensation forming a ketone, 
CHaCOH). (CH . OH)^. CO. CHgCOH), which has the same compo- 
sition as fructose, a- and yS-Acrose were obtained from this condensa- 
tion and characterised by means of the osazones they formed with 
phenylhydrazine. a-Acrosazone was found to possess a remark- 
able resemblance to glucosazone, differing only in being optically 
inactive. More recently Fenton has shown that glycol lie aldehyde, 
CH2(0H).CH0, may be used as the starting-point of the synthetical 
process ; three molecules of it condense to a-acrose. 

A product of synthesis by all these methods is a-acrose. Fischer 
converted this firstly into acrose phenylosazone in order to isolate it 
from the mixture of substances and then into acrosone by treatment 
with hydrochloric acid as described in Chapter HI. Acrosone, on re- 
duction, yielded firstly a sweet syrup having all the properties of fruc- 
tose, and secondly on further reduction an alcohol, a-acritol, very like 
mannitol but differing in being optically inactive. There was no doubt 
that a-acrose was inactive <^f/-fructose. The further problem was to 
obtain an optically active sugar from this. The product was partially 
fermented with yeast and a dextrorotatory sugar, /-fructose, was ob- 
tained, but this biological method did not lead to the isolation of the 
natural sugar. Indeed, to obtain this a number of operations were 
necessary, ^/-Fructose was reduced to (//-mannitol and the latter 
oxidised to the corresponding acid, <//-mannonic acid (This acid 
forms a characteristic hydrazide from which it can be easily regene- 
rated.) The racemic acid gave crystalline alkaloid salts and these were 
separated by fractional crystallisation ; in this manner their resolution 
into the optically active forms was effected just as was done by 
Pasteur in the case of racemic tartaric acid d- and /-Mannonic acids 
were thus obtained by the crystallisation of the strychnine or morphine 
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leaves hardly any doubt that hexoses of the ^-series and their poly- 
saccharides are the only products of assimilation. 

The nature of the optically inactive synthetic sugar mixture obtained 
by Baly and Heilbron by condensing formaldehyde has still to be es- 
tablished : tentatively these authors think that no pentoses are present, 
the mixture consisting of hexoses and their polymers. Heilbron makes 
the interesting speculation that in nature, fructose in its labile, very 
active, propylene oxide form is the original product and that this can 
undergo alteration to both glucose and fructose in their stable butylene 
oxide forms giving raw material for the further synthesis of starch and 
cane sugar. 

The living organism is not satisfied with merely elaborating a par- 
ticular sugar, but shapes it in a definite manner to a definite space 
configuration. 

Fischer has pictured the carbon dioxide or formaldehyde as enter- 
ing into combination with the complicated optically active protoplasm 
of the chlorophyll granule, and being synthesised to optically active 
carbohydrates under the influence of the asymmetry of the protoplasm 
molecule. 

The formaldehyde elements are received one after the other, and 
superposed according to a definite plan until six are united, when the 
completed dextro-glucose or fructose molecule is split off and the 
process begins anew, only optically active substances being formed. 
Synthesis by laboratory methods leads to optically inactive forms, 
though apparently chemical synthesis does not take place entirely 
symmetrically when several asymmetric carbon atoms are present. 

The probable function of chlorophyll is receiving consideration : it 
possibly forms an unstable intermediate compound with formaldehyde 
or it may act catalytically in virtue of its inorganic (magnesium) 
constituent or it may act, as Baly supposes, as a light screen to absorb 
and transmit energy: it may even exercise all three functions. 
Chlorophyll converts about 7 per cent, of the light energy into chemical 
energy and can utilise this amount to the extent of 10-33 cent 
under suitable climatic conditions. 

It is now generally agreed that the protoplasm of the chlorophyll 
granule contains enzyme elements, and that it is these which occasion 
synthesis. The protoplasmic complex may be regarded as built up of 
a series of associated templates (enzymes) which serve as patterns for 
the maintenance of vital processes and of growth. The assimilated 
carbon dioxide, either before or after condensation to formaldehyde, is 
brought into contact with these templates in the protoplasm, and con- 
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tiguous molecules are united to form the complete sugar, shaped 
according to the structure of the template. The enzyme specific for 
each particular hexose when incorporated in the protoplasmic complex 
may well serve as the template for its manufacture. Maltase, for 
example, might occasion the formation of a-glucose, emulsin that of 
/ 3 .glucose, lactase that of galactose, and invertase, or some similar 
enzyme, that of fructose. The existence of contiguous maltase and 
invertase ^ branches in the protoplasmic complex might determine the 
formation of glucose and fructose in contiguity, and these might unite 
to cane sugar. Again, two glucose molecules in contiguity might unite 
to maltose, or a series formed in contiguity might remain potentially 
active so that a number would unite and give rise to a starch molecule, 
a- and / 3 -Glucose would remain as such so long as they were incorpor- 
ated with the protoplasm ; when split off into the cell fluid they would 
no doubt tend to pass over into the equilibrated mixture. 

Certain claims have been made in reference to the synthesis of 
carbohydrates from simple substances by means of sunlight or ultra- 
violet light. Thus glycerol in alkaline solution is partly converted 
into a-acrose (Bierry and Henri) after exposure to ultra-violet light; 
after many months in sunlight sorbose has been obtained from a mix- 
ture of formaldehyde and oxalic acid (Inghilleri). 

This is not the place to discuss the physical phenomena associated 
with photosyntheses. Reinau following up H. T. Brown’s work has 
emphasised the dependence of assimilation on the internal pressure of 
carbon dioxide in plants which in its turn depends on the temperature 
and on the illumination. 

F. F. Blackman urges that in photosynthesis there is no simple 
photochemical reaction but a complex system in which other com- 
ponents, described provisionally as protoplasmic, play an essential 
part. 

The Synthesis of Disaccharides. 

Although in the hands of Fischer the problem of the synthetical 
preparation of the natural simple carbohydrates — the monosaccharides 
— has been solved, the next step, the synthesis of the disaccharides, 
still awaits a satisfactory solution. 

The earliest synthetical disaccharide was obtained by Fischer by the 

1 Armstrong’s researches suggest that invertase is compatible, at one and the same 
instant, with both glucose and fructose, so that its presence in the protoplasmic complex 
would, under suitable conditions, lead to the formation of cane sugar. It is probable that 
invertase is only compatible with the amylene-oxide, enoHc or ketonic forms of fructose and 
not with the butylene-oxide isomeride. 
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action of cold concentrated hydrochloric acid on glucose. The com- 
pound obtained was termed isomaltose on account of the resemblance 
to maltose, from which it differed in being nonfermentable. The pro- 
cess had the disadvantage that it could not be controlled, so that only 
small quantities of disaccharide were formed together with considerable 
quantities of dextrin-like products. It was shown subsequently, as 
described later, that both maltose and isomaltose are formed by this 
process. A more hopeful method, based on Michaers glucoside syn- 
thesis, appeared to be the combination of acetochloro glucose with the 
sodium salt of a hexose. This method has been repeatedly used in 
attempting to synthesise cane sugar, and Marchlewski claimed to have 
been successful in artificially obtaining this sugar. Subsequent workers 
have found it impossible to confirm his results, and they are to be 
queried also for other reasons, chief of which is the observation of 
Fischer and Armstrong that a-compounds of glucose in presence of 
alkali undergo rearrangement to /3-compounds. These observers failed 
to prepare a-phenyl glucoside from a-acetochloro glucose and sodium 
phenolate, obtaining instead the ^-phenyl glucoside. Sucrose, a de- 
rivative of a-glucose, should not therefore be formed. The evidence 
brought forward by Marchlewski in proof of the formation of cane 
sugar was also very inadequate. There are thus no grounds for 
accepting this synthesis. 

By the interaction of acetochloro galactose with sodium glucosate 
or of acetochloro glucose with sodium galactosate, Fischer and Arm- 
strong obtained di saccharides of the type of maltose which they termed 
galactosido-glucose and glucosido-galactose. These sugars were suf- 
ficiently closely related to the natural products to be hydrolysed by 
enzymes. Top yeast was without action, bottom yeast was able to 
ferment both disaccharides. They were hydrolysed by emulsin, but 
not affected by maltase or invertase. Both reduced Fehling’s solution, 
formed phenylosazones and osones, but could not be obtained in a 
crystalline state. The galactosido-glucose possessed very great simi- 
larity to the natural sugar melibiose both in structure, similarity of the 
phenyl and bromophenyl osazones and in physiological behaviour, and 
it is very probable that these disaccharides are identical. 

The galactosido-galactose obtained by the same method resisted 
the action of yeast but was hydrolysed by emulsin. It is of interest 
now that crystalline galactobioses have been synthesised by means of 
emulsin. 

A disaccharide, glucosido-glucose, obtained by the action of a-gluco- 
sylchloride and glucosan in methylalcoholic potash solution is said by 
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Pictet to resemble but not to be identical with gentiobiose. It has 
m.p. 90°, is bitter, exhibits mutarotation, the value of [a]o changing 
from + 12° to + lO’S^ and forms a phenylosazone : it is not acted on 
by eraulsin. 

Eischer and Delbrlick have made use of j8-acetobromo glucose to 
effect the synthesis of disaccharides allied to trehalose. When aceto- 
bromo glucose is shaken in dry ethereal solution with silver carbonate 
and traces of water are added from time to time, bromine is eliminated 
and two molecules are joined through the intermediary of an oxygen 
atom to form an octacetyl disaccharide : — 

aCi^HigOgBr + HgO = C 25 H.jgOi 9 + 2 HBr 

This is obtained both crystalline and in an amorphous form, the latter 
being regarded as a mixture of isomerides. 

These acetyl compounds when hydrolysed by cold barium hydroxide 
solution are converted into disaccharides. That from the crystalline 
acetate, termed isotrehalose, differs from trehalose in optical rotatory 
power, [ajo - 39°, but resembles it closely in chemical properties. It 
is a colourless amorphous powder, which does not reduce Fehling’s 
solution and is easily hydrolysed to glucose when boiled with dilute 
mineral acids. The disaccharide from the amorphous acetate is re- 
garded as a mixture, it has [aj^ about - 1*3° It is remarkable in 
being partially hydrolysed both by yeast extract and by emulsin. 

Consideration of the constitutional formula of trehalose — 

I ^ 1 

CHafOH) . CH(OH) . CH . CH{OH) . CH(OH) . CHy 

yO 

CH2(0H) . CH(OH) . CH . CH(OH) . CH(OH) . CH^ 

! 0 ! 

shows that three stereoisomerides are possible, as the two carbons in 
clarendon type are asymmetric. Using the prefixes a and jS in the 
same sense as in the acetobromo glucoses, these isomerides may be 
described as aa, j8^ or ajS, according as the constituent glucoses are 
present in the a or form, 

Hudson from optical considerations has identified natural trehalose 
as the aa form and isotrehalose as the j8j8 form : — 

CH2(0H) . CH(OH) . CH . (CH . OH^ • CH 

! o 

o 

CH5(0H) . CH(OH) . CH . (CH . OH), . CH 

The same method has been extended by Fischer to the synthesis of 
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non-reducing tetrasaccharides from acetobromo lactose and acetobromo 
cellobiose. In both cases the products were contaminated with re- 
ducing disaccharide and they could not be purified 

The isotrehalose synthesis has been extended to the preparation 
of disaccharides containing sulphur and selenium (Schneider and 
Wrede). 

Treatment of ^-bromoacetylglucose with potassium hydrosulphide 
gave the octa-acetate of the thiodisaccharide C12H22O1QS, which latter 
crystallises in hexagonal leaflets, m.p. 174 Md “ is called 

thioisotrehalose from its apparent analogy with isotrehalose. It is 
remarkably resistant to hydrolytic reagents, warm aqueous alkalies 
and mineral acids. It is unattacked by emulsin, yeast enzyme, tre- 
halase and myrosin. It does not reduce Fehling's solution. 

Similarly, from yS-bromoacetylglucose and potassium selenide, an 
octa-acetate of selenoisotrehalose, Ci2H220iQSe, was obtained. The 
sugar closely resembles the thio-derivative, and melts at 193'', 
[a]jj - 84°. Both sugars are sweet, and when administered to dogs 
or guinea-pigs are excreted unchanged. 

Disaccharides with two sulphur or selenium atoms are produced by 
interaction of acetobromoglucose with potassium disulphide. Dithiodi- 
glucose, C12H22O1QS2, is a white powder, [a]^ - 144°; the diselenodi- 
glucose is yellow, [ajo - 94° The above methods have been applied 
to cellose and other sugars. A trithiodigalactose is obtained by the 
action of hydrogen sulphide on galactose in pyridine solution and is 
characterised by being readily decomposed by water; it is thus in 
marked contrast to thiodigalactose. Starting from acetodibromo- 
glucose it is possible to obtain disaccharides united through sulphur 
attached to the sixth carbon atom and containing two free aldehyde 
centres. Triacetylmethylglucoside 6-bromohydrin is heated with 
alcoholic potassium sulphide in a sealed tube and the diglucoside 
obtained hydrolysed. Bisglucosyl-6-sulphide has [a]^ + 81°. 

Substances similar to disaccharides of the trehalose type have 
been prepared by Helferich by boiling ethereal solutions of y- and B- 
hydroxyaldehydes with dehydrated copper sulphate. 

The remarkable reactivity of the ethylene-oxide form of the hexose 
sugars is illustrated by their behaviour towards methyl alcohol con- 
taining 0'Z5 per cent of hydrogen chloride, studied by Cunningham. 
In the case of galactose the active sugar condenses with the methyl- 
galactosides to form a methyldigalactoside having the structure — 

MeO . CH . (CH . OH)^ . CH . CH(OH) . CH^ . O . CH . CH . (CH . OHjg . CHg . OH 

0/ 


-0 
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This is an amorphous solid, + 101°, showing marked instability 
towards neutral potassium permanganate. It is of interest that no 
structural modification of the digalactoside can be obtained by varying 
the form of the methylgalactoside employed in its preparation. 

The reaction cannot be readily controlled, and, when a hexose is 
dissolved in the methylalcohol reagent and the solution concentrated, 
products of greater complexity, viz. a methyltetragalactoside containing 
three ethylene-oxide linkages, are obtained. Glucose and maltose 
behave similarly to galactose but with fructose charring inevitably 
occurred on concentration. It is remarkable that lactose remained 
entirely unaffected by the reagent 

Nef has effected the synthesis of polysaccharides from hexoses and 
pentoses. By keeping concentrated aqueous solutions at the ordinary 
temperature in the presence of i to 3 equivalents of calcium acetate 
bishexoses are slowly formed. 

In the presence of metallic hydroxides these are converted into 
disaccharides (Ci2H220ii) by salt formation and subsequent loss of 
metallic hydroxide. The synthetic sugars have not been further 
characterised 


Synthesis by Enzymes. 

Far more interesting than the above method of synthesis is that 
effected by means of enzymes. There can be no doubt that, in the 
plant, enzymes function as synthetical agents. 

The first to observe the synthetical or, as he termed it, reversible 
action of enzymes was Croft Hill Hill proved that the hydrolysis 
of maltose by dried yeast extract in concentrated solutions was not 
complete, and that, starting from glucose alone in concentrated solu- 
tion, a disaccharide was produced by the action of maltase. This sugar 
he at first considered to be maltose, a conclusion controverted by Em- 
merling, who, repeating Croft Hill’s experiments, considered the product 
to be wmaltose identical with that obtained by Fischer by the action 
of acid on glucose. Subsequently Croft Hill admitted the chief pro- 
duct to be an isomeride of maltose, but he regarded it as different from 
isomaltose and termed it revertose. He still claimed that maltose is 
also formed in small quantity. E. F. Armstrong considered that the 
product of the synthetical action of maltase on glucose was fj^^maltose 
identical with that produced by the action of hydrochloric acid on 
glucose, and showed that the two products agree in being hydrolysed 
by emulsin though not by maltase. They were accordingly regarded 
as having the structure of glucose ^-glucosides. Croft Hill showed 
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that his synthetical product was almost completely hydrolysed on 
dilution, indicating that the process is reversible, or that at all events 
the same mixture of enzymes which effects synthesis is able to hydro- 
lyse the synthetic product. 

A disaccharide is also formed when a mixture of glucose and 
galactose in concentrated solutionis left in contact with lactase. This 
is undoubtedly isomeric with milk sugar but differs from it in being 
completely fermented by bottom yeast. 

The process by which a monosaccharide is converted into a disac- 
charide in presence of a synthetical catalyst must be regarded as pre- 
cisely similar to that by which a- and j8-glucoses are converted into 
the two methyl-glucosides. Glucose on condensation should give rise 
to both maltose and isomaltose, synthesised from a- and ^-glucose 
respectively. The proportion of each ultimately present in equilibrium 
will depend to some extent on the proportions of the two glucoses in 
their equilibrated mixture and on their (possibly unequal) rates of 
condensation. This reasoning should apply so long as the condensa- 
tion is uncontrolled Inasmuch as hydrolysis under the influence of 
enzymes is an absolutely selective process, as opposed to hydrolysis by 
acids which is general in character, it is to be supposed that synthesis 
under the influence of enzymes is likewise a controlled operation. 

J udging further from what is now known of the structure of the 
disaccharides the second glucose molecule can be attached to the 
glucoside by an oxygen atom either at carbon 5 or carbon 6. In an 
uncontrolled synthesis the a- and jS-forms of both these, that is, four 
isomerides in all might be expected ; whether this would also be the 
case in presence of enzymes it is not possible to say in the present 
state of knowledge. 

The proof that hydrochloric acid forms both A^maltose and maltose 
from glucose was first given by E. F. Armstrong. The method of 
purification of the synthetical isomaltose mixture adopted by Fischer, 
viz. fermentation of the neutralised product with brewers’ yeast, 
would have destroyed any maltose which had been formed. Armstrong 
fermented a portion of the product with S. Marxianus^ a yeast which 
does not contain maltase and therefore is without action on* maltose, 
in order to destroy the unchanged glucose. The resulting solution 
contained both maltose and fr^^maltose, and was partially hydrolysed 
by both maltase and emulsin. To remove the zki^maltose it was sub- 
mitted to the joint action of emulsin and 5. Marxianus. It was not 
found possible to obtain the maltose in a crystalline condition from 
this solution, but the character of the osazone formed and the bio- 
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logical behaviour of the sugar leave little doubt of the presence of this 
sugar. Another portion of the original synthetical sugar was fermented 
with S. intermedians, and so freed from glucose and maltose. The re- 
sulting ^maltose solution behaved in all respects as described by 
Fischer. 

The manner of the synthesisby enzymes is still a matter of dispute. 
It is urged, on the one hand, that enzymes produce by synthesis the 
same bodies which they hydrolyse ; on the other hand, it is suggested 
that the action of the enzyme is restricted to the formation of a com- 
pound isomeric with that normally hydrolysed by the enzyme. A 
third view is that altogether distinct enzymes effect synthesis. 

The arguments in favour of accepting the first view have been 
clearly put by Bayliss (see the monograph on Enzyme Action in this 
series), and need not be repeated here. 

The question is complicated by the fact that the catalysts used are 
all mixtures of several enzymes. Yeast extract (maltase) contains at 
least five sucroclasts ; emulsin at least three. 

Armstrong has shown that the main product in the case of the 
action of yeast extract on glucose is isomaltose ; and contended that 
in the case of emulsin the main product is maltose. 

This contention can no longer be maintained in view of the proof 
given by Bourquelot and confirmed by Zemplen that gentiobiose is 
the product of the condensation of glucose in presence of emulsin. 
They have isolated the sugar in a crystalline state, and to Bourquelot 
belongs the credit of the first synthesis of a crystalline natural disac- 
charide. 

In all the above syntheses it cannot definitely be asserted that 
other isomerides are not also formed. When the complexity of the 
enzyme mixture, the number of reactive forms of the hexose and the 
variety of possible isomeric disaccharides are all taken into account the 
magnitude of the problem of their synthesis becomes apparent It is to 
be hoped that it will be energetically attacked during the next decade. 

By the action of emulsin on a concentrated aqueous solution of 
galactose Bourquelot and Aubry have obtained two galactobioses. 
The one form was obtained in little spherical masses with a taste 
slightly sweeter than that of lactose. It had [aj^ + 53° showed 
mutarotation. The behaviour towards emulsin is not stated. The 
second modification crystallises in needles [aj^ + 35 ° showing mutarota- 
tion. It is hydrolysed by emulsin. The behaviour of this second 
isomeride is not unlike the galactosidogalactose synthesised by Fischer 
and Armstrong from jS-acetochlorogalactose. 
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The formation of two isomerides in this manner is of the greatest 
interest and the further study of their relationship is of much impor- 
tance. 

It is apparent that there is a great difference between the syn- 
thesis of alkylglucosides in alcoholic solution and of disaccharides in 
aqueous solution under the influence of enzymes. In the former case 
the possibility of isomerism is limited, and Bourquelot has given 
definite proof that the enzyme produces the substances it hydrolyses. 
In the latter, conditions are very complex, several isomerides are un- 
doubtedly formed, which may differ even as to which carbon is con- 
cerned in the attachment but which will be so similar in character as 
to make their separation at present most difficult 

In the case of invertase the evidence is most definite that the 
enzyme from yeast accomplishes a complete hydrolysis of sucrose to 
glucose and fructose and that no synthesis takes place. This reaction 
does not establish an equilibrium and is not a reversible or balanced 
change. This problem was investigated with the greatest care by 
Armstrong in 1901 and by Hudson in 1914 with all the refinement 
which the modern methods of experiment permitted. 

It is well known from the work of Pavy and Bywaters that living 
yeast forms glycogen when brought into excess of sugar solution. 
The enzymes involved in this synthesis are probably to some extent 
still present and active in yeast juice, as Cremer found that in yeast 
juice, free from glycogen, in presence of sugar, a substance was slowly 
formed which gave the characteristic glycogen reactions. Harden 
and Young find that one or more dextrorotatory polysaccharides are 
produced during alcoholic fermentation by non-living yeast prepara- 
tions. It is not settled whether these polysaccharides are formed 
from the glucose and fructose themselves or as the result of enzyme 
action on the products of hydrolysis of the hexose phosphate formed 
from them. 


CHAPTER VI 1 . 


THE POLYSACCHARIDES. 

The literature relating to cellulose, starch, etc., is enormous and a 
comprehensive survey of it would require a monograph for itself, as 
indeed was originally contemplated: it is therefore proposed to deal 
here only with such researches as assist in establishing the very vexed 
question of their constitution. The subject of cellulose in particular 
is fully dealt with from an original point of view in the well-known 
books of Cross and Bevan. Thanks to the Purdie-Irvine method of 
methylation considerably progress has been made in the elucidation 
of the structural formulae of starch and other complex carbohydrates 
having the composition (CgHio05)n. 

Cellulose. 

Cellulose is the main product of vegetable life and the basis of 
many of the industries, in particular the staple textile and the manu- 
facture of paper, artificial silk and explosives. Pure cellulose, so called, 
produced as the result of more or less drastic treatment of the 
raw material with chemicals, e.g. alternate treatment with alkaline 
solvents and weak oxidants, generally retains fibrous structure : it is 
markedly different from the crystalline or syrupy forms in which the 
less complex sugars are isolated. 

On prolonged hydrolysis with acids it is broken down quantitatively 
into glucose. 

Under suitable conditions it forms nitrate and acetate esters ap- 
proximating at the highest to the replacement of three hydroxyl groups. 
Characteristic is its solution in zinc chloride, and in cuprammonium 
hydrate. With concentrated sodium hydroxide it forms a sodium 
compound which is decomposed by water, leaving the cellulose as a 
hydrated product. The sodium derivative forms a readily soluble 
cellulose xanthate on treatment with carbon bisulphide : this product 
is very unstable and breaks down under a variety of conditions re- 
generating a hydrated cellulose. It contains no free aldehyde or 
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ketonic groups. On treatment with hydrogen bromide in ethereal 
solution it yields oj-bromomethyl furfuraldehyde. 

In establishing a satisfactory formula for cellulose it is first neces- 
sary to confirm beyond question that glucose is the only product formed 
on hydrolysis. The sugar was first identified as glucose by Flechsig ; 
the work of Willstatter and Zechmeister and more especially of Ost 
has proved that it is obtained in quantitative yield on hydrolysis with 
acids. The latter obtained a 95*3 per cent, yield of glucose on hydro- 
lysis and a 90 per cent yield of pentacetyl glucose. Irvine and Hirst 
obtained a 99*5 per cent yield of cellulose triacetate and converted 
this into crystalline methylglucoside with a yield of 95*5 per cent 
Such data more than meet the criticisms of Cunningham that glucose 
is not the sole product of hydrolysis. 

A definite methylation product from cotton cellulose was first ob- 
tained by Denham : his product was approximately a dimethyl cellu- 
lose and from it he obtained 2:3: 6-trimethyl glucose on hydrolysis : — 

CH O X , 

I CHOH 

^ i 

I CHOH 

Uh 

CH 0 

CH^OH 

In extending this work Irvine and Hirst by more exhaustive methyla- 
tion have obtained as sole product a substance containing 43 per cent, 
of methoxyl, that is, a trimethyl cellulose, and on prolonged heating 
with methylalcohol containing i per cent of hydrogen chloride — a 
treatment which effected both depolymerisation, hydrolysis, and gluco- 
side formation from the scission products — a quantitative yield of 
2: 3 : 6-trimethyl methylglucoside was obtained. Absolute proof is 
thus afforded that all the glucose residues in cotton cellulose are identi- 
cal in structure, and that the groups marked X and Y are identical 
with each other and with the nucleus residue. 

When cellulose is acetylated with acetic anhydride and a small 
amount of sulphuric acid, the octacetate of cellose is among the pro- 
ducts — the disaccharide itself is formed on hydrolysis with alcoholic 
potash. The yields of cellose are variable, rarely exceeding 35 per 
cent, the highest claimed being of the order 50 per cent to 60 per 
cent : Karrer and Widmer, from a general study of the reaction, con- 
clude that cellulose contains more than 50 per cent of ready formed 
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cellobiose complex. The simplest possible formula for cellulose of a 
I : 5-anhydroglucose 

I O i 


CH . CHOH . CHOH . CH . CH . CH.,OH 

I I 


does not take into account the formation of cel lose : it has been altered 
therefore by Irvine to the following symmetrical tri-i, 5-anhydrogIucose 
on the ground that this structure would give a 70 per cent yield of 
cellose as the theoretical maximum : — 


CH.OH 

•CH— 0— (in . 

(^HOH 
O 1 

( CHOH 

Ij 


CH . CHOH . CHOH . CH 

1 


CH 

<iH- 


-CH . CHOH . CHOH . CH . CH . CHaOH 


CH„OH 


There are, however, three other methods of coupling the glucose 
residues, and one example is shown in Formula 11 . 


o 


_CH— O— CH . CHOH . CHOH . CH . CH . CH^OH 

CHOH 1 


O 


CHOH 
— CH 

CH— 0— CH . CHOH . CHOH . CH . CH . CH„OH 

11 ^ 

CH,OH O 


11. 


Taking into account the fact that it can yield only one disaccharide, 
Formula L is preferred to the remaining alternative. The essential 
properties of cellulose, so far as they are displayed in chemical reac- 
tions, are accounted for by the formula. Further, the structure is not 
inconsistent with the production of bromomethyl furfuraldehyde from 
cellulose, and indicate that the normal yield of this derivative involves 
the reaction of one-third of the total unit. 

The various formulae proposed for cellulose by different investigators 
have been summarised and critically reviewed by Hibbert in 1921 %vhen, 
in view largely of Denham's incomplete work, he proposed the 1,5- 
anhydroglucose structure. 


II 
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Cross and Bevan have always urged that cellulose is a ketonic de- 
rivative, basing their views largely on the 

XHOH , CHOH. 

CH^/ >CO I 

^CHOH . CHOH 

work of Fenton and Gostling relative to the action of dry hydrogen 
bromide on the sugars, whereby in the case of cellulose and the ketoses 
large yields of co-bromomethyl-furfuraldehyde are obtained whereas with 
glucose only a trace is formed Later work, more particularly of Hib- 
bert and Hill, seems to show that the behaviour of glucose is due to the 
free aldehyde group interfering with the course of the action. Thus 
cellulose gives S6 per cent, yield, cellose 27 per cent, a-methylglucoside 
15 per cent, and glucose 12 per cent In fact Fenton’s reaction is no 
criterion of the presence of ketose and there is no reason to ascribe 
such structure to cellulose. Incidentally the formula above is also in- 
correct since it would give rise to a tetramethyl cellulose. 

Various formulae which have been previously suggested for cellulose 
are excluded by the results now submitted. 

Greens formula — 

^CHOH CH CHs 


XHOH- 


-CH~ 


-CHOH^ X 


which would give a trimethyl cellulose and, on hydrolysis, would be 
converted into 3-4-dimethyl glucose of the amylene-oxide type. 
Vignons formula — 

,CHOH CH CH, , 

\- \ \ 


^CHOH- 


O 

/ 

-CHOH- 


/ 

-CH 


is equally unsatisfactory in that the final product should then be 2,3,4- 
trimethyl glucose of the amylene-oxide type. 

The formulae proposed by Tollens, Cross and Bevan, Bartelemy, 
and Pictet may be deleted for similar reasons. It is also possible to 
dispose of Karrer’s formula, which is that of an anhydro-cellobiose 
(termed ‘‘cellosan”)^ — 

-CH 0 

(ilHOH 


I CHOH 

Uh 

in — o- 

(!:h.oh 


-CH . CHOH . CHOH . CH . CHOH . CH, 

I 
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A compound possessing this structure would yield, on methylatioii and 
hydrolysis, 

I molecule of 2, 3, 5 -trimethyl glucose 
and I molecule of 2,3,6-trimethyl glucose. 

Irvine’s experimental evidence is completely opposed to this view. 

An entirely different type of cellulose formula may now be tested 
Hess proposes a glucosidic structure which bears a general resemblance 
to Fischer’s constitution for tannins. Space does not permit of these 
formulae being given in full, but the general form will be evident from 
the simplest example ; — 

I ^ I 

--CH—O— CH . CHOH . CHOH . CH . CHOH . CH^OH 

I I — ° — [ 

CH— 0—CH . CHOH . CHOH . CH . CHOH . CH.OH 

0 I ^ o ^ 

CH— 0-^CH . CHOH . CHOH . CH . CHOH . CH.OH 

Jh 

I I — ° — I 

CH— 0-CH . CHOH . CHOH . CH . CHOH . CH.OH 

I I — ° — ^1 

CHo— O— CH . CHOH . CHOH . CH . CHOH . CH^OH 

Variations are introduced by lengthening the sugar chains until finally 
a molecule is obtained with eighteen glucose residues 
The feature common to all these glucosidic formulae is that the 
hydroxyl groups are not symmetrically distributed in the glucose 
residues. The simplest structure suggested by Hess would give five 
molecules of 2,3,5,6-tetramethyl glucose and one molecule of glucose, 
while his more elaborate molecules would also result in these com- 
pounds together with trimethyl glucose. The reactions of trimethyl 
cellulose exclude all formulae of this nature. 

Starch. 

The literature relating to starch is even larger than that about 
cellulose : here attention is strictly limited to the newest attempts to 
establish its structure. A useful summary of the literature will be 
found in the article “ Starch ” in Thorpe’s “ Dictionary of Chemistry 
and in a recent paper by Ling and NanjL 

The former idea that starch was a complex glucoside containing a 
number of hexose/esidues mutually condensed together is passing in 
favour of the conception of an anhydro sugar of comparatively simple 
structure, polymerised in a profound manner. 

It is usually stated that starch on hydrolysis yields first maltose 

IX * 
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and then glucose : there is little doubt that the starch molecule con- 
tains glucose as well as maltose residues, a fact which serves to explain 
why many specimens of maltose do not behave as homogeneous chemi- 
cal individuals in bacteriological tests. Euler and Svanberg who 
carried out the diastatic hydrolysis of starch under conditions of 
optimum activity barely obtained a 75 per cent yield of maltose. The 
results of Ling and Baker (1895) ^Iso indicate the simultaneous forma- 
tion of glucose and maltose. Brown and Miller in 1903 showed that 
stable dextrin is converted by diastase into equal parts of glucose 
and maltose. 

It is therefore to be assumed that the simplest unit of starch con- 
sists of a maltose with a glucose molecule. The basal unit of starch 
has been claimed to be j8-glucosan (1,6-anhydro-glucose) by Pictet, 
anhydro-maltose by Karrer and triamylose by Pringsheim ; as before 
the Purdie-Irvine methylation process allows a choice to be made 
among these alternatives. 

Starch was first methylated by Denham and Woodhouse and their 
work extended by Karrer. Karrer’s highest value for methoxyl, about 
35 percent, is somewhat higher than that demanded for a dimethyl 
stamh, and as elsewhere stated (p. 166) similar difficulty was ex- 
perienced by Pringsheim in methylating the amyloses. Fuller study 
of the reaction with a purified rice starch by Irvine shows that methyla- 
tion stops at the dimethyl stage when silver oxide and methyl iodide 
are used. 

More drastic methylation gives a starch with 37 per cent, of 
methoxyl, a figure which agrees with that calculated on the basis that 
one hexose residue has acquired three methyl groups whilst four are 
shared by two glucose ( = one maltose) residues. Hydrolysis of this 
product leads to a trimethyl and a dimethyl-glucose, in the proportion 
of one molecule of the former to two molecules of the latter sugar. 
The reactions are summarised as follows : — 


Trimethyl 

methyl- 

glucoside 

I 

2.3.6-TrimethyI 

glucose 

(3^) 

\ 


3*3.5*^T®tramethyl glucose 


Starch 

Methylated starch 
{13 g.) 

Dimethyl 
methyl- 
glucoside 

1 

Dimethyl 
glucose 
j6g.) 

i/ 


(OMe = 36*2 per cent.) 
[a]D + 180° 

Depolymerised 
methylated 
starch 

(OMe = 37 per cent.) 
[ajo + 80° 

(4 g-) 
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It will be seen that the removal of trimethyl glucose and dimethyl 
glucose in the molecular ratio of i : 2 is effected without alteration in 
the composition of any methylated starch which survives hydrolysis. 

The trimethylglucose proved quite unexpectedly to be 2:3:6 
trimethylglucose characteristic of cellose, f.f^7maltose and lactose and 
not the 2 : 3^: 5-isomeride obtained from glucosaa Four different 
structural formulae may be built up to express an anhydrosaccharide 
containing one hexose substituted in positions I and 5 and the remain- 
ing two added so that at least one pair displays the essential structure 

of maltose. ^ 

The following is at the moment preferred by Irvine; it postulates 

that starch is 

I ^ ^1 

CH--O—CH2 . CHOH . CH . CHOH . CHOH . CH 

CHOH 

i 

CHOH 

I ^ 

CH j 

I i 

CH— O— CH . CHOH . CHOH . CH . CHOH . CH^ 

I I o I 

CHoOH ^ 

derived entirely from the butylene oxide form of glucose and yields 
maltose in two ways on rupture of the trisaccharide, whereas the three 
alternative formulae yield the disaccharide in one way only. 

It is also consistent with the steric hindrance encountered in com- 
pletely methylating starch, as it is well known that the alkylation of 
position 5 is difficult when position 6 is already substituted 

A further possibility of this formula is that under certain conditions 
of hydrolysis it might break down into a disaccharide of the cellose or 
isomaltose type and glucose. Bearing in mind all that has been stated 
about the occurrence of that very ill defined sugar isomaltose, which, 
under the name of gallisin, has been repeatedly described as obtained 
in the hydrolysis of starch (Lintner, 1891) it may well be that this is 
the case and that ‘‘ isomaltose/’ i.e. a 3-glu cQs e gluco side can be a 
product of starch hydrolysis. 

Confirmation of the idea that the starch molecule consists of 
CgH^QOg units combined in groups of three is afforded by the formation 
of trihexosan (C,Hi^05)3 as a decomposition product by heating starch 
in glycerol under reduced pressure at 200*"- 210'’ (Pictet and Jahn). 

According to Ling and Nanji starch granules are composed of 
two constituents, namely, polymerised amylose and amylopectin, which 
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must be considered separately in arriving at the constitution of 
starch. 

Polymerised amylose is converted .quantitatively and with extreme 
ease into maltose (6-glucose a-glucoside). Ling rejects Pringsheim’s 
triamylose and Karrer’s diamylose (anhydromaltose) as the basic units 
preferring an a-hexa-amylose in which carbons i and 6 are united in 
each molecule. He points out that such a compound could give a 
hexatriose on hydrolysis but that diamylose would be the normal pro- 
duct. Amylopectin is vt.^arded as the phosphoric ester of a polysac- 
charide made up of an ajS-^’t;ta-amylose containing two i : 5 jS-linkings 
(in which carbon atom i is united by oxygen attached in the j8-position 
to carbon atom 5 in the next molecule) and four i : 6 a-linkings. On 
hydrolysis maltose, isomaltose (5-glucose-j8-glucoside) and a-glucosido- 
isomaltose would result, and Ling and Nanji have produced strong 
experimental evidence of the formation of all three substances. Indeed 
they have put the existence of isomaltose beyond doubt It would 
therefore appear that Irvine s rice starch might be a mixture and that 
the dimethylglucose he obtained was perhaps derived from the amylose 
portion and the trimethylglucose originated in the isomaltose unit 
contained in the amylopectin. Ling's formula for amylopectin is thus 
the dimeric form of Irvine's triose formula containing one i : 5 and two 
I : 6 linkings. 

Crystalline polyamyloses were first obtained by Schardinger from 
potato starch paste by the action of Bacillus macerans. Tetra-amylose 
(CeHioOB)^, or a-dextrin, crystallises in colourless hexagonal plates, 
hexa-amylose or jS-dextrin forms rhombic crystals. On acetylation, 
hydrolysis of the dextrins takes place and from the acetyl derivatives 
formed diamylose and triamylose were obtained. These crystallise 
in needles and do not reduce Fehling's solution. Rice starch gives 
similar definite polyamyloses on degradation. 

Tetra-amylose forms a crystalline octamethyl derivative which 
contains two methoxyl groups in each glucose residue. The third 
hydroxyl group could not be methylated but it is readily acetylated 
by acetic anhydride and pyridine. Diamylose behaves in the same 
way giving a tetramethyl compound. The difficulty of complete 
methylation is to be attributed to steric hindrance : on the other hand 
the polymers of Pictet's glucosans are completely methylated with ease 
and can be completely acetylated without undergoing depolymerisa- 
tion. The polyamyloses and the glucosans are evidently not similarly 
constituted. 

The further study of these amyloses by Pringsheim led him to 
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regard them as belonging to two series, respectively polymerisation 
products of two basal units, a diamylose and a triamylose. The simplest 
formula for 

CHOH . CH 

!i 

o 

II I 

CH . CHOH . CHOH . CH . CHOH . CH. 

diamylose is that of anhydromaltose proposed by Karrer. Ling, in 
view of the fact that the depolymerisation is brought about by vigorous 
chemical means, considers that a hexa-aiiyjpse should be considered 
as the basal unit. All the suggestions considered deal only with the 
simplest unit found possible to account for the different decompositions 
of starch observed. The lowest common multiple of these seems to 
be Ling’s hexa-amylose but the feeling cannot be escaped that an 
extended chain of forty carbon and oxygen atoms does not seem very 
likely as a stable basis for a material of the nature of starch. Search 
must be made for a more compact, even if more complicated, perhaps 
three-dimensional chain system. 

Pictet’s synthetic dextrins formed by the polymerisation of 
glucosan are completely alkylated to tri methyl derivatives : on 
hydrolysis the chief product was found by Irvine and Oldham to be 
2,3,5,6-tetramethylglucose together with lower methylated glucoses. 
This behaviour identifies these compounds as polyglucose glucosides 
of the structural type suggested by Hess for cellulose. 

Irvine considers that nitrogen and phosphorus elements which 
accompany unpurified starch are not constituents of extraneous com- 
pounds but form part of the polymerised aggregate. This view is 
based on the similarity in the behaviour of glucosamine derivatives 
and nitrogeneous starch on treatment with silver oxide and methyl 
iodide, both classes of compound forming insoluble complexes. 

Glycogen. 

Glycogen takes the place of starch in the animal organism as a 
reserve carbohydrate and is a regular constituent of all developing 
cells. It is obtained as an amorphous snow-white powder, 19 1*’, 

and is hydrolysed by diastase derived from either plants or animals. 
Its investigation by the methylation treatment has been begun by 
both Macbeth and Karrer but is not yet completed : methylation is 
arrested when the methoxyl content is below 40 per cent Like starch 
it yields 2:3; 6-trimethylglucose. 


CHo . CHOH . CH . CHOH . 


O 
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Inulin. 

Inulin,astarch-likecolourIess powder, m.p. 178°, [aj^ - 3 S°- 40 ° is 
widely distributed as a reserve material, particularly in the autumn, in 
plants having tubers or tuberous or fleshy roots, e.g. dahlia tubers, 
artichokes, chicory, etc. It is soluble in hot water, sparingly so in 
cold and readily hydrolysed by heating with dilute acids or by an 
enzyme, inulase, which is usually present in the same plant when in 
the germinating condition. 

Inulin is a polymeride of fructose and yields only fructose on 
hydrolysis, there being no indication of the formation of any inter- 
mediate products when it is hydrolysed by inulase from different 
sources. Molecular weight determinations made with triacetylinulin 
(Pringsheim) and methylated inulins (Karrer and Lang) correspond 
most closely with the presence of nine fructose residues in the mole- 
cule: earlier investigators have suggested a somewhat larger molecule. 
Whilst the final product of hydrolysis is normal fructose the investiga- 
tions of Irvine and Steele have established beyond question that the 
initial product is 7-fructose so that inulin, like cane sugar, is derived 
from this reactive form of the hexose. 

Irvine’s first series of operations is depicted in the following 
scheme : — 

INULIN > [<y-fructose] — FRUCTOSE 

(I^vo) (Isevo) 



Dimethyl inulin ^ Trimethyl inulin Mixture of methylfructosides 

(Isevo) (Isevo or dextro) (dextro) (Isevo) 

Dimethyl -y-fructose Trimethyl -y-fructose 
(dextro) (dextro) 


TETRAMETHYL 
FRUCTOSE 
(laevo) 

In order to establish whether the trimethyl 7-fructose obtained 
was a single substance or a mixture of isomerides, trimethyl inulin 
was digested with methyl alcohol containing hydrogen chloride. 

The product was distilled in a high vacuum and fractions were ab- 
stracted at frequent intervals while the boiling-point remained con- 
stant. All the fractions showed the same refractive index and specific 
rotation. Moreover, the speed of hydrolysis of the fructoside was in 


Tetramethyl 7-methylfructoside 
(dextro) 

I 

I 


TETRAMETHYL -y-FRUCTOSE 
(dextro) 
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each case the same, and in each experiment the trimethyi fructose then 
formed showed identical physical constants. Of greater importance is 
the fact that all the specimens of trimethyl methylfructoside reacted in 
the same way when dissolved in acetone containing hydrogen chloride. 

Inulin is therefore to be regarded as an aggregate of anhydro 
7-fructose residues each of which is identical and it is not unlikely that 
its formula is to be based on a tri-anhydro-7-fructose. However, 
until the exact structure of the 7-methyl fructoses is known it is 
premature to elaborate a more detailed structural formula. 

Mannan, the polysaccharide of vegetable ivory, the endosperm of 
the seed of the tagua palm, is being studied by Patterson and by 
Pringsheim and Seifert. It consists of hemicellulose and mannoceliulose 
according to I wanoff. Both are remarkably stable towards hydrolysing 
agents, the former yields a triacetate and the latter a laevorotatory 
trimethyl mannose. 

Xylan has been shown by Heuser and others to contain two free 
hydroxyl groups as it forms a diacetate and a dimethyl derivative. 
During hydrolysis with hot dilute acids the xylose formed is converted 
into humin substances and furfuraldehyde. 



CHAPTER VIII. 


THE RELATION BETWEEN CONFIGURATION i AND BIOLOGICAL 
BEHAVIOUR. 

Perhaps the most important, and at the same time the most interesting, 
chapter in the chemistry of the sugars is that dealing with the altera- 
tion in properties brought about by small changes in the stereo-chemical 
configuration of the carbohydrate molecule. Although the molecular 
weight and the gross structure of the molecule remain the same, the 
very slightest modification in the space arrangement of the groups 
attached to the chl^e of carbon atoms is sufficient to affect the bio- 
chemical behaviour in the most profound manner. How exactly 
structure is to be correlated with biological behaviour, and how little 
variation in structure is permissible, will be seen from the following 
examples. 

It has long been known that the optical antipodes of a substance 
containing an asymmetric carbon atom behave very differently towards 
biological agents, such as yeasts, moulds, enzymes or bacteria. The 
celebrated researches of Pasteur showed, for example, that the green 
mould, Penicillium glaucum, when allowed to grow in solutions of 
racemic acid, assimilated only (^-tartaric acid, leaving the /-tartaric acid 
untouched. It was supposed at the time that the mould was unable 
to attack the /-tartaric acid j later investigations suggest, however, 
that the mould ultimately destroys both antipodes, but attacks one at 
a very much greater rate than the other, and probably in a different 
manner. 

From a given racemic substance it is possible to obtain sometimes 
the one and sometimes the other antipode by utilising appropriate 
organisms. For example, an excess of ^/-mandelic acid is obtained 
from <^//-mandelic acid on treatment with P&nicilliufft glaucuiH^ whereas 
when Sacchafomyces ellipsoideus is used an excess of /-mandelic acid is 
obtained. 

^ By the term configuration is understood the positions of the hydroxyl groups relative 
to the skeleton chain of carbon atoms. Change involves transference from the right to left 
side of the chain as figured on the plane of the paper or nice versd from left to right. 
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Fermentation. 


Yeasts only ferment one, the dextro, isomeride of glucose, convert- 
ing it into carbon dioxide and alcohol, and accordingly when yeasts are 
allowed to act on racemic glucose the laevo glucose remains uiiattacked. 
The same applies to the other fermentable hexoses ; in all cases only 
the dextro isomeride is attacked. 

The investigation of the behaviour of all the known hexoses, 
either found in nature or prepared in the laboratory, towards yeasts 
has shown that only four are fermented, viz. the ^/-forms of glucose, 
mannose, galactose and fructose, all of which are natural products. 

When the behaviour of different species of yeasts towards these 
natural hexoses is studied, it is found without a single exception that 
any species of yeasts which ferments any one of the three hexoses — 
glucose, mannose and fructose — likewise ferments all three of them 
and with approximately the same readiness. The study of the kinetics 
of the three fermentation reactions confirms their similarity, and they 
have the same temperature coefficient (Slator). Everything, in fact, 
points to the mechanism involved in the fermentation of glucose, 
mannose or fructose being the same in each instance. 

It has already been pointed out that the three hexoses in question 
are closely related in structure, so closely indeed as to be converted 
under the influence of alkalies into one another. An enolic form 
common to all three hexoses has been assumed to act as an inter- 
mediate substance in the transformatioru The relationship will become 
clear when the formulae of these carbohydrates are consulted : — 


CHO 

HCOH 

HOCH 

HCOH 

HCOH 

CHgOH 

Glucose. 


CHO 

HOCH 

HOCH 

HCOH 

HCOH 

CH2OH 

Mannose. 


CH.OH 


CH« , OH 


COH 
HOCH 
HCOH 
HCOH 
CH2OH 

Common enolic form. 


CO 

HOCH 

HCOH 

HCOH 

CHgOH 

Fructose. 


According to the alternative formula the aldehyde forms aldehydroi 
and this enol. The change is a reversible one. 

The process of fermentation of a sugar is regarded as a series of 
consecutive changes each involving simplification of the sugar mole- 
cule till it breaks down into carbon dioxide and ethyl alcohol, com- 
pounds containing only one and two carbon atoms. Measurements 
of the rate of fermentation can be made by determining the rate of 
formation of either of these products — for example, the amount of 
COg formed after various intervals of time — but such measurements 
only apply to the slowest of these reactions. Similarly the quantitative 
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effect produced by an increase of, temperature in quickening the rate 
of fermentation in reality applies to the slowest reaction of the series. 

It has been suggested that the first process in fermentation is the 
conversion of the sugar into the enolic form by means of an enzyme 
contained in the yeast The three fermentable hexoses yield the 
same enolic form, but possibly it is formed at different rates according 
to the sugar ; and whether one and the same agency is operative in 
each case it is impossible to say. The subsequent simplification of the 
molecule is the same for each of the three hexoses, an hypothesis which 
is quite in agreement with the experimental^ observations. This sim- 
plification is also due to an enzyme or to several enzymes acting in 
^ ; turn. The breakdown of the molecule will thus commence at the 

;! I double linkage between the two terminal carbon atoms. 

This view is quite in harmony with the discovery by Harden and 
Young that the first stage in the fermentation of glucose by zymase 
. ^ is the formation of hexose phosphate CgHjo04(H2P04)2. Glucose, 

^ mannose and fructose give rise to the same hexose j^hosphate : when 

^ this is hydrolysed fructose is obtained. In other words, the hexose 

phosphate may be regarded as a compound of the enolic form of the 
three hexoses (cp. Dr. Harden’s Monograph). 

No difference can be detected in the rate of fermentation of a- and 
; /S-glucose under conditions in which fermentation was quicker than 

the setting up of equilibrium between the two forms, 
j Further support of this view of the fermentation process is afforded 

I by the fact that substances so closely related to glucose as the methyl 

, i glucosides, glucosone, gluconic acid and ethyl gluconate are, without 

I exception, unfermentable : in all these only the groups attached to 

i , the terminal carbon atom differ from those of glucose. Enolisation in 

j them, however, is impossible, and no action takes place since the for- 

I mation of hexose phosphate is prevented 

I The behaviour of galactose is altogether different It is fermented 

I with much greater difficulty than glucose. Very many yeasts are 

I quite without action on galactose. The temperature coefficient of the 

; fermentation of galactose is different from the value found in the case 

I of glucose. These facts suggest that galactose is fermented by a 

I different mechanism, that a different enzyme is concerned perhaps in 

j causing enolisation, which is less widely distributed in yeasts. None 

the less the two phenomena must be very closely allied. No yeast is 
known capable of fermenting galactose but not fermenting glucose. 

The change in configuration in passing from glucose to galactose, 
though not sufficient to prevent fermentation altogether, causes the 
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compound to be far more resistant to attack. It is not surprising, 
therefore, that any further change in configuration is sufficient to make 
the new hexose no longer fermentable. 

This is illustrated by the behaviour of galactose and its isomerides, 
talose and tagatose, which have an enolic form common to all three 
hexoses : — 


CHO 

HCOH 

HOCH 

HOCH 

HCOH 

CH2OH 

Galactose. 


CHO 

HOCH 

HOCH 

HOCH 

HCOH 

CH2OH 

Talose. 


CH^OH 

CO 

HOCH 

HOCH 

HCOH 

CH2OH 

Tagatose. 


CHOH 
COH 
HOCH 
HOCH 
HCOH 
CH.pH 
Enolic form. 


Neither talose nor tagatose is fermented by any yeast whose 
action towards them has at present been investigated. Yet in talose 
the position of the two upper hydroxyl groups is the same as that in 
mannose, and the lower three hydroxyls occupy the same positions as 
they do in galactose. Obviously, for it to be fermentable, the con- 
figuration of the hexose has to be correct as a whole, the fact that 
single hydroxyl groups occupy the same positions as they do in fer- 
mentable hexoses being of no moment. 

Presumably yeasts contain no enzymes compatible with talose or 
tagatose and able to convert them into the enolic form. 

The facts described can only be explained on the assumption that 
there is the very closest relationship between the configuration of a 
fermentable hexose and the enzymes which cause fermentation. This 
hypothesis receives confirmation which is little short of absolute when 
the behaviour of the sugars other than the hexoses is considered. No 
pentose, either natural or synthetical, is fermentable by yeast None 
of the synthetic tetrose, heptose or octose carbohydrates are ferment- 
able. 

The only fermentable sugars, other than the four hexoses, are a 
nonose prepared by the cyanohydrin method from mannose and a 
ketotriose, dioxyacetone. The fermentability of glycerose ” — a mix- 
ture of glyceric aldehyde and dioxyacetone — was long a matter of 
controversy; Bertrand, however, showed that pure dioxyacetone is 
fermented by very active yeasts and this has been repeatedly con- 
firmed. 

It has hitherto generally been accepted that the disaccharides were 
only fermented after they had been hydrolysed by the appropriate 
enzymes contained in the particular yeast cell (c£ Armstrong) the 
rate of fermentation of the products generally being faster than that 
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of hydrolysis. It is now suggested, on the authority of Willstatter, 
that maltose and lactose can be fermented directly : it being evidenced, 
for example, that when the fermentation is interrupted no mono- 
saccharides are found in the fermenting medium. In the case of 
sucrose hydrolysis takes place almost immediately and precedes fer- 
mentation. Much further evidence is required before this view can be 
accepted. 

Although glucose and fructose are fermented equally quickly by 
yeast, yet, on fermenting a mixture, the glucose is attacked more 
quickly. This is because it is more active in the initial stages, whilst 
the final stages, which are the slowest, are the same for both sugars : 
they accordingly decide the rate of the reaction as a whole. Similarly 
a yeast may be trained to ferment galactose more rapidly than glucose 
but it will preferentially ferment glucose from a mixture. 

A further illustration of the relation of configuration to fermenta- 
bility is afforded by the behaviour of that monomethylglucose in which 
the methoxyl group is attached to the carbon at the extreme end of 
the chain and therefore most remote from the part of the sugar mole- 
cule which is generally believed to have the most effect in controlling 
enzyme action — 

1 ^ I 

MeO . CHg . CH(OH) . CH . [CH . OHjg . CH . OH. 

Living top yeast and a maceration extract of dried bottom yeast were 
quite without action. The compound also resisted seven species of 
bacteria all of which acted on glucose. 

The identification of intermediate products in the fermentation of 
glucose has long been a matter of controversy. 

Buchner and his co-workers have suggested in turn lactic acid 
CHg . CH(OH) . CO2H and dihydroxy acetone CH2OH . CO . CRfiE 
but in both cases Slator has shown that these are fermented very much 
more slowly than glucose, an observation which renders Buchner’s 
hypothesis untenable, and the same will probably apply to the latest 
suggestion that formic acid is an intermediate product Bearing in 
mind Fischer’s synthesis of acrose from dihydroxy acetone it appears 
probable that dihydroxyactone is fermented by yeast only after it has 
been converted into hexose, and the same applies to glyceraldehyde. 
This hypothesis is greatly strengthened by Lebedeffs proof that the 
organic phosphate produced during the fermentation of dihydroxy- 
aoetone is identical with the hexose phosphate obtained by Harden 
and Young from the fermentable hexoses. It is probable, therefore, 
that dihydroxyacetone is only fermented after conversion into hexose. 
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Evidence is, however, accumulating that pyruvic acid, 

CH3 . CO . CO2H 

is a normal intermediary. When yeast is grown in sugar solutions in 
presence of sodium sulphite considerable quantities of acetaldehyde 
are formed This fact is the basis of the suggestion by Neuberg that 
the sugar breaks down into two molecules of pyruvic acid which are 
rapidly converted into aldehyde by the yeast carboxylase. The alde- 
hyde in turn acts as an acceptor of hydrogen and promotes the forma- 
tion of pyruvic acid from sugar under the influence of the yeast 
reductase, half the aldehyde being at once converted into alcohol. 

Neuberg defines three types of fermentation, the common product, 
acetaldehyde, being produced in each of them. In the first type it is 
reduced to alcohol ; in the second it is fixed by added sulphite, equi mole- 
cular proportions of aldehyde and glycerol being formed ; and in the 
third type it is converted into acetic acid, alcohol, carbon dioxide and 
glycerol in presence of added feebly alkaline salts. 

Fermentations of the second type came to have an important 
technical application during the war as a source of glycerol. For the 
general course of fermentation, Neuberg formulates methylglyoxal 
and pyruvic acid as intermediate compounds and acetaldehyde and 
glycerol as by-products. Normally, of two molecules of methylglyoxal, 
one is reduced to glycerol and the other oxidised to pyruvic acid which 
latter is converted into acetaldehyde: this in turn is oxidised to 
pyruvic acid and reduced to alcohol. When the aldehyde is trapped 
as by the formation of the stable bisulphite compound the available 
hydrogen attacks some other substance leading to increased production 
of glycerol. This explanation serves to explain the normal occurrence 
in fermented sugar solutions of glycerol, first observed by Pasteur. 

The other fermentable sugars — mannose, fructose and galactose — 
behave similarly in giving equimolecular proportions of acetaldehyde 
and glycerol when fermented in the presence of disodium sulphite. 
Acetaldehyde has been established as an intermediate product by 
means of the sulphite method in the fermentation of glucose by a 
number of moulds, by Bacillus lactis aerogmes^ and by Japanese Sak6 
yeasts. 

Although hexosephosphate is formed under the influence of yeast 
juice living yeast cells do not ferment it, even when added coferment 
and artificial activators are supplied. Dried yeast or yeast juice 
esterifies phosphate almost quantitatively in presence of sugar whereas 
living yeast, even when toluene has been added, may esterify only 
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Oxidation. 

The influence of configuration has been studied also in the case 
of the behaviour of carbohydrates towards oxidising bacteria. The 
bacterium xylinuni (Adrian Brown), or sorbose bacterium, as it has 
been termed by Bertrand, oxidises aldoses to the corresponding mono- 
basic acids, and converts the alcohols into ketones, e.g. gluconic acid 
is formed from glucose, galactonic acid from galactose; xylose and 
arabinose yield xylonic and arabonic acids. In all these cases the 

- CHO group is oxidised to - CO^H by the agency of the bacterium. 

In the case of alcohols the sorbose bacteria oxidise - CH(OH) - 
to ~CO-. Thus mannitol forms fructose ; sorbitol yields sorbose; 
erythritol, arabitol and persitol are oxidised to the corresponding 
ketones, and glycerol gives dihydroxyacetone. The bacterium has 
no action, however, on glycol, dulcitol or xylitoL 

An examination of the formulae of these alcohols shows that the 

- CH(OH) - group oxidised to - CO - is next to a - CHgCOH) 
group ; further, for action to take place, the hydroxyl group must not 
be adjacent to a hydrogen atom on the same side of the configuration 
formula ; in other words, the compound must contain the grouping 

H H 

CH2(0H).C.C— 

OH OH 

Consideration of the configuration formulae of mannitol and 
dulcitol will help to make this clear : — 

OHOH H H 

CHaCOH) . C . C . C . C . CH.COH) 

H H OHOH 

Mannitol — converted into Fructose. 

H OH OH H 

CH2(0H) . C . C . C . C . CH2(0H) 

OH H H OH 
Dulcitol — ^not attacked. 

Gluconic acid contains the sensitive grouping. Accordingly, it is 
further oxidised by the bacterium to a keto-gluconic acid : — 

OH H OHOH OH H OH 

COgH . C . C . C . C . CH2(0H) ^COgH . C . C . C . CO . CHalOH) 

H OH H H H OH H 

Gluconic acid. Keto-gluconic acid. 

In contrast with the sucroclastic enzymes, which are apparently in 
harmony with the sugar molecule as a whole, these oxidising bacteria 
seem adapted to a section only of the molecule. Their action is none 
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the less absolutely dependent on the presence of the requisite con- 
figuration in the molecule. 

Many bacteria act upon mannitol which are without action on 
dulcitol. Harden found this to be true for Bacillus coll coniwunis, which 
is of interest also since it produces twice as much alcohol from mannitol 
as from glucose. This difference is ascribed to the presence of the 
group CH2(0H) . CH(OH) — which is contained once only in glucose 
but twice in mannitol. 

Only those bacteria which produce fermentation of glucose act on 
pyruvic acid, CH3. CO. COjH. 


Glucoside Hydrolysis. 

The formation of stereoisomer! c a- and J 3 - methyl glucosides by the 
interaction of glucose and methyl alcohol in presence of hydrogen 
chloride has already been discussed and their constitutional formulae 
established. These isomeric glucosides, though so alike in structure, 
behave very differently towards en2ymes. 

a-Methyl glucoside is hydrolysed by the maltase (a-glucase)i of 
yeast, jS-methyl glucoside by emulsin (j8-glucase) which is widely dis- 
tributed in plants. Emulsin is quite without action on the o-glucoside ; 
maltase has no effect on the )8-glucoside : — 


H . c . OC«, 



a-Methyl glucoside 
hydrolysed by Maltase 
(a-glucase). 


CH3O.C.H 

HcoiC 


HOCH 

CH„OH 


3-Methyl glucoside 
hydrolysed by Emulsin 
(3-glucase). 


Other alkyl derivatives of glucose behave in a similar manner. It 
may be stated as a general rule that jS-glucosides are hydrolysed by 
emulsin alone, a-glucosides are only attacked by maltase. Accordingly, 
compounds hydrolysed by emulsin are considered to be /9-glucosides. 


^Nomenclature of Enzymes . — The name of an enzyme is usually derived from that of 
the sugar which it hydrolyses by substituting th^ suffix -ase for -ose. Thus maltase 
hydrolyses maltose, lactase hydrolyses lactose. The enzyme which attacks glucosides 
may be termed glucose and is an a-glucase or 3-glucase accordingly as it hydrolyses the 
a- or 3-glucoside. 

Although it was at one time generally stated that maltase does not usually occur in 
plants, W. A. Davis gives strong reasons for supposing thati it is always present where 
starch degradation occurs. It is endocellular in <^rigin and readily destroyed by tempera- 
tures above 50° : it has low solubility and low powers of diffusion. Daish has identified 
maltase in the crushed pulp of a number of leaves, all of which convert gelatinised starch 
into glucose. 


12 
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The corresponding derivatives of /-glucose are not affected in the 
slightest by either enzyme, a- and jS-methyl-/-gIucosides represent the 
mirror images of the methyl-^-glucosides and their behaviour is 
parallel to that of /-glucose towards living yeast. 

The glucosidic derivatives of mannose, viz. methyl-^ and /-manno- 
sides are also quite stable in presence of maltase or emulsin. Hence 
the change in position of a single hydroxyl (here that attached to the 
a-carbon atom) is sufficient to render the mannoside out of harmony 
with these enzymes ; but, as has just been seen, the change in con- 
figuration is not sufficient to make mannose unfermentable by yeast. 

a-Methyl-^-galactoside is likewise not hydrolysed by maltase or 
emulsin. 

j8-Methyl-^-galactoside is hydrolysed by the crude emulsin prepara- 
tion obtained from almonds, but subsequent investigation has shown 
that this preparation contains a mixture of enzymes and that the 
hydrolysis of the j3-galactoside is due to a lactase (j8-galactase) and 
not to the same enzyme which attacks jS-methyl glucoside. This 
behaviour shows that the alteration in the position of the hydroxyl 
attached to the 7-carbon atom in the glucoside molecule renders the 
galactosides out of harmony with maltase and emulsin. Any other 
alteration involving departure from the configuration of the glucose 
molecule or in the length of the chain of carbon atoms has the same 
effect on the behaviour towards enzymes. 

None of the known glucosides ^ of the pentoses, methylpentoses, 
heptoses or other hexoses are hydrolysed by maltase or emulsin. 

This behaviour can only mean that the hydrolysing power of these 
two enzymes bears the very closest relationship to the configuration of 
the dextro-glucose molecule. 

Fischer has drawn particular attention to the behaviour of the a- 
and j3-methyW-xylosides. These practically correspond to the corre- 
sponding glucosides with one asymmetric carbon atom removed : — 


CH3O— C~H 

CH3O— C— H 

CH3O— C— H 

CH3O— C— H 

HioH 1 

HCOH 1 

HCOH 1 

HCOH 1 

i ^ 

1 0 

1 0 

1 0 

HOCH 

1 

HOCH 

HOCH 

1 

HOCH 

JIQ 


HC 

1 

TTP 

h1:oh 

ndoH 

j 

H(!;oh 

j 

1 

CHgOH 

1 

CH2OH 

CH^Br 

CH3 


j8-MethyW-glucoside. 

j8-Methylglucoside 

^-Methyl-i-isorhamno- 

j8- Methyl-<2-xyloside. 


6-bromohydrin. 

side. 



^Tlie term glucoside is used generally for the corresponding derivatives of all the 
sugars and not restricted to the derivatives of glucose. 
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Both xylosides are unaffected by either maltase or emulsin. In 
this instance, although the major part of the molecule is identically 
the same in each glucoside, the shortening of the chain is sufficient to 
destroy the close harmony with the enzyme. 

Fischer’s investigations have shown that'j8-methyl-//-isorhamnoside 
(see p. i8o) is also hydrolysed by emulsin. This glucoside differs 
only from ^-methyl glucoside in that the terminal CH^OH group is 
reduced to CHg. Apparently such a difference is not enough to put 
the enzyme out of action although, as just stated, the elimination of 
this carbon atom prevents the enzyme from acting on the methoxyl 
group at the other end of the chain. 

Even more striking is the fact that /3-methyI glucoside 6-bromo- 
hydrin is not attacked by emulsin as it is intermediate in character 
between ^-methyl glucoside and jS-methyl isorhamnoside. Inasmuch 
as compounds such as bromoallyl glucoside are hydrolysed by emulsin 
the presence of the bromine atom should not in itself prevent action. 

The last paper published by Fischer contains a summary of his 
work on the hydrolysis of j3-glucosides, special attention being paid to 
the influence of the non-sugar part of the compound. Glucosides 
containing free acids are not attacked by small quantities of emulsin 
owing to the fact that the acidity (hydrogen ion concentration) of the 
mixture is unfavourable : in presence of buffer ” mixtures or of 
larger quantities of the enzyme they are hydrolysed. Of the deriva- 
tives of the acids the amides, esters and nitriles are the most readily 
attacked. With nitriles the process is more complicated, hydrogen 
cyanide as well as sugar being split off. 

When the sugar residue is attached to a tertiary carbon atom, as 
• in the case of glucoside-a-hydroxy — zlr^^butyric acid and its derivatives 
(linamarin, etc.) and also of amylenehydrate glucoside, hydrolysis 
takes place only with great difficulty. 

in general the glucosides of the phenols and phenolcarboxylic 
acids are more easily^hydrolysed by emulsin than derivatives of the 
aliphatic alcohols and alcohol acids. 

This applies with equal truth to acid hydrolysis. 

The investigation of the rate of hydrolysis of maltose^ — an a-gluco- 
side — by maltase has shown that change takes place more slowly in the 
presence of glucose, indicating that this sugar has a definite retarding 
influence on the enzyme. Other sugars, e.g. mannose, fructose, galac- 
tose, arabinose, xylose are quite without influence on the rate of 
change, proving that the action of glucose is due not to any concentrat- 
ing effect but to the specific influence exerted by its configuration. 
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Both emulsin and invertase are said to be more inhibited by jS-glucose 
than by a-glucose. The fact that j 3 -methyl glucoside also acts to 
retard the hydrolysis of the a-glucoside (maltose) affords the strongest 
confirmatory evidence of this specific hindrance. Part of the enzyme 
must combine with the glucose and so be withdrawn from action. 
Maltase can apparently combine with ^-methyl glucoside though 
quite unable to hydrolyse it. 

In an analogous manner the hydrolysis of j 3 -m ethyl glucoside by 
emulsin is controlled only by glucose and a-methyl glucoside, and by 
no other carbohydrate. 

These illustrations, selected from a number of carefully worked out 
cases, suffice to show the very intimate relation which exists between 
enzyme and the substance upon which it acts. This can only be ex- 
plained by supposing some form of combination between the two. 
The enzyme, moreover, must fit the glucoside at every point along 
the chain of carbon atoms, thus — 

1 • 

1 * 

I ' 

'! I ' 

RO^ J‘ -« 

\ ^ 


The combination may perhaps be compared to the way in which 
the successive fingers of a glove fit on to a right hand : if the position 
of any finger be altered it is impossible to fit the glove ; further, the glove 
will not fit on the left hand Fischer’s original simile compared the 
relationship of enzyme to hydrolyte to that existing between a key and 
the lock for which it is made, the shape of the key enabling it only 
to unfasten the particular lock to the arrangement of whose wards it 
corresponds. 

The enzymes themselves, if this hypothesis be accepted, must be 
closely related in configuration to the substances which they hydrolyse. 
From this point of view the presence of a carbohydrate in the molecule 
of invertase and some other enzymes is at least significant (see Mono- 
graph by Bayliss, p. 19)* Salkowski states, however, that the carbohy- 
drate present in the yeast gum is precipitated with the enzyme, but 
that it is not a component of the purified enzyme. 

It is perhaps necessary to emphasise that the actual hydrolysis of 
the carbohydrate is due to the action of the water molecules. The 
enzymes may be conceived perhaps as acting as a vice in presenting 
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in the appropriate manner the water molecule to the centre to be 
hydrolysed. 

Attachment of enzyme to hydrolyte takes place no doubt through 
the oxygen atoms of the hydroxyl groups. In these the oxygen atom 
possesses residual affinity, that is, is not fully saturated, and it is there- 
fore able to combine with appropriate elements of the molecule of the 
enzyme. 

The fact that tetramethyl-j8-methyl glucoside like j 3 -methyl 
glucoside itself is hydrolysed by emulsin is in full agreement with this 
view : — 


MeO.C.H 


HCOMe 

MeO^H 


MeO.C.H 


O 


I 

HCOH 

Hein 

I 

HC 


HCOMe 

CHj.OMe 

Tetramethyl-jS-methyl glucoside. 


HCOH 

1 

CH3 . OH 

;8- Methyl glucoside. 


Although in this compound the hydrogen in the hydroxyl groups of 
glucose has been replaced by methyl, this change is not suflScient either 
to destroy the residual affinity of the oxygen atoms or to mask them 
from the influence of the enzyme. 

Most of the natural and the synthetic jS-glucosides are hydrolysed 
by emulsin, the exceptions being usually cases where the non-sugar 
residue is sufficiently toxic to put the enzyme out of action. An 
interesting exception is afforded by the mandelamide glucosides, of 
which one only — the laevo form — is hydrolysed, whereas both and 
/-mandelonitrile glucosides are hydrolysed. 

There is a passing tendency to ascribe each individual hydrolysis 
to a different enzyme, for example, to postulate a number of different 
varieties of emulsin. Such a view ascribes a quite needless complexity 
to natural processes and is based on quantitative work in which the 
true nature of enzyme action is not understood. It is difficult to 
attach much weight to Willstatter s deductions from the study of the 
comparative rates of hydrolysis of different test substances by mixtures 
of enzymes, but he does find, however, that helicin, salicin, and phenyl- 
glucoside are hydrolysed by one and the same emulsin. 


Interconversion of Glucose and Galactose. 

According to the latest views the closed ring formute of glucose 
and galactose differ both with regard to the position of the groups 
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attached to 
ring- 


carbon atom 

HCOH— 

HCOH 

0 

HOCH 

PIC 

HCOH 

CH2OH 

Glucose. 


4 


and to the nature of the oxygen 

HCOH— 

HCOH 
HOCH O 
HOCH 
HC 

CH2OH 

Galactose. 


Great interest attaches to the conversion of glucose into galactose, which 
has been only indirectly effected by chemical means, but there is little 
doubt that it takes place in the organism, as it is only on this supposi- 
tion that the formation of the galactoside, milk sugar, in large quan- 
tities in mammals during lactation can be accounted for. 

Under normal conditions the blood transports glucose to the 
mammary glands, where, in the regular course of lactation, it is con- 
verted into the disaccharide, milk sugar, and excreted in the milk. 
Removal of the mammary gland results in an accumulation of glucose 
in the blood, from which it passes to the urine. Galactose is not 
found in the urine. Injection of glucose causes lactosuria when the 
mammary glands are in full activity, but produces glucosuria when the 
glands are less active. Nothing is known as to the mechanism by 
which the mammary glands are able to transform glucose into lactose, 
but it is undoubtedly effected by means of enzymes. 

It is stated by Rohmann that on digesting the extract of the 
mammary gland glucose was formed and then converted into fructose 
and galactose and eventually into lactose. The degree of transforma- 
tion is influenced by the condition of activity of the gland at the time 
of the animafs death. 

The enzyme lactase which hydrolyses j8-methyl galactoside, other 
j8-alkyl galactosides and milk sugar, is a specific enzyme for j8-galacto- 
sides, just as emulsin has been shown to be the specific enzyme for 
jS-glucosides. Lactase has its action controlled only by galactose and 
by no other sugar, and it is incapable of hydrolysing glucosides. The 
only enzyme at present known which can hydrolyse a-methyl galacto- 
side is the digestive juice of the Helix, which, according to Bierry, at- 
tacks both a- and jS-galactosides ; on the other hand, no compound of 
a-galactose is known in nature. Bierry states that the lactase ob- 
tained from the intestine of a dog hydrolyses lactose and not j8-methyl 
galactoside. 
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Apparently two lactases exist, one form present In kephir being 
controlled by galactose, the other present in almond eraulsin by glucose. 
The work of Miss Stephenson indicates that the lactase of the intestinal 
mucous membrane of animals is a glucolactase. 

The Behaviour of Sugars in the Blood. 

Increasing knowledge of living membranes has proved that they 
are selectively permeable for the stereoisomeric sugars. Thus per^ 
fusion experiments on the frog’s kidney (Hamburger) show that 
glucose is completely retained, one half of <ii-galactose is retained, and 
about 30 per cent of /-xylose ; ^-ribose and <i/-xylose being partially 
retained. On the other hand ^/-mannose, (^-glucosamine, and sugars of 
the /-series, e.g. glucose, mannose, and arabinose all pass through the 
membrane completely. It is considered that in cases of partial reten- 
tion only one form of the sugar — a or j8 — can pass the membrane, but 
that in the case of (^-glucose neither modification can pass. 

In this connection there is the further possibility of the special 
formation of active ” modifications of the sugar in presence and under 
the influence of the living tissue. Hewitt and "Pryde find for example 
that solutions of ^/-glucose introduced into the intestine of the living 
animal undergo rapid downward mutarotation which they prove is not 
due to preferential absorption or to disaccharide formation. On with- 
drawal from the intestine the reverse change takes place until the 
original rotation of an equilibrated solution of ajS-glucose is reached 
In presence of acid or alkali, as Armstrong and Hilditch have empha- 
sised, a small quantity of enolic or some other active form is present in 
a solution of glucose, the amount depending on the strength of the acid 
or alkali. In the intestine it may well be that there are special influ- 
ences associated with the tissues to increase the amount of the j 4 orm. 

The equilibrium mixture of ajS-glucose is not changed by its passage 
through the body into the urine after intravenous injection. 

Glucose is consumed in the animal body in several ways : it is the 
material from which muscle normally derives energy for its activity, 
being burned up with oxygen supplied by the blood to carbon dioxide 
and water. It is consumed in other organs and in the tissues generally, 
being supplied by the blood the glucose concentration of which is about 
0*1 to 0*15 per cent. Normally the sugar in the blood is reabsorbed 
as it flows along the renal tubules, but when the concentration of the 
sugar rises owing to some secondary cause the kidney is unable to 
absorb it completely and the sugar appears in the urine — a state known 
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as glucosuria. Sugar from the foods passes into the digestive canal and 
is stored as insoluble glycogen in the liver and the muscular tissues. 

The discovery of “ active ” forms of the sugars and the observation 
of Hewitt and Pryde have led to a thorough re-examination of the 
nature of the reducing substances of the blood. Winter and Smith 
advance the opinion that the sugar present in normal blood is active 
y-glucose but in cases of diabetes it is the butylene oxide a/3-form of 
glucose so that the failure of the body in this disease to utilise sugar 
is due to the absence or inactivity of an enzyme or agent which in 
normal blooi converts the ajS-sugars in the 7 -form. The diabetic con- 
dition has long been associated with some disturbance of the internal 
secretion of the pancreas, particularly the islets of Langerhan’s, and it 
has been found that alcoholic extracts of these islets when injected 
subcutaneously into the blood of diabetic subjects produced a very 
marked fall in the amount of blood sugar. Banting and Best have 
named their new material Insulin. There is a definite relation between 
the amount of insulin injected and that of sugar changed as evidenced 
by the fact that the effect of an overdose of insulin (convulsive seizures) 
can be dispelled by an injection of sugar. Winter and Smith and also 
Collip have obtained a solid preparation from yeast containing organic 
phosphorus and carbohydrate which appears to have similar properties 
and effects to insulin. 

Under normal conditions glycogen is synthesised in the liver when 
the free liver sugar content is high but if insulin is administered glycogen 
synthesis takes place at a much lower level of liver sugar. Fructose is 
more completely absorbed by the liver than glucose, galactose is a poor 
glycogen former. Several writers now urge that whenever glycogen 
occurs in nature a substance similar to insulin is also found. There is 
some evidence that vitamins (yeast) are essential to the cells for the 
metabolism of carbohydrates. Thalliner and Perry suggest that glucose 
metabolism is caused by oxidising ferments and that insulin, which is 
not itself an oxidase, indirectly stimulates oxidising ferments in the 
tissue cells to action upon glucose whereas vegetable extracts contain 
such ferments in the active state and act directly. 

The work of Embden and many others has made it appear probable 
that phosphorus compounds are concerned in the early stages of the 
metabolism of hexoses. A number of organs contain an enzyme able, 
to hydrolyse hexosemonophosphate and also saccharose phosphate; 
chopped muscle is also able to synthesise hexose phosphate in vitro. 
It is believed that in the normal cell hexose must pass through the 
stage of hexosephosphate before it can be broken down during which 
change a reactive form of the sugar is brought into being. 



CHAPTER IX. 


THE NATURAL GLUCOSIDES. 

The term glucoside is applied to a larg’e number of bodies having the 
property in common of furnishing a ^glucose ' and one or more other 
products when hydrolysed by acids. They are resolved with the 
addition of the elements of water into simpler compounds. Repre- 
sentatives of nearly every class of organic compound occur in plants, 
chiefly in the fruit, bark and roots, in combination with a sugar which 
is in most cases dextroglucose. These compounds are glucose ethers 
of alcohols, acids, phenols, etc. ; they correspond in structure to the 
simple methyl glucosides, and the general formula of a glucoside is 
accordingly written 

CHgCOH) . CH(OH) . CH . [CH . OH]^ . CH ~ 0 - R 
! 0 ! 

where R represents the organic radicle. It is noteworthy that the 
vegetable bases are only seldom found in the form of glucosides. 

Pictet has suggested the structure of 2 : 5 -butylene oxide rings for 
the natural glucosides since they yield laevo-glucosan on distillation. 

The glucosides correspond to a certain extent to the paired glucu- 
ronic acid derivatives previously mentioned. In both instances more 
or less reactive specific substances are combined with the sugar residue 
to form indifferent and frequently more soluble substances. 

Glucosides are obtained by extraction of the plant substance with 
water or alcohol, an operation conveniently performed in a Soxhlet 
apparatus. It is necessary in the majority of cases first to destroy 
the accompanying enzyme when water is used as solvent. If this 
operation be omitted the glucoside is destroyed in the process of ex- 
traction. The puj*t*Scation of the extract is often a matter of diflSculty 
owing to the scanty proportion of glucoside present 

The glucosides as a class are generally colourless crystalline solids, 
having a bitter taste and laevorotatory optical power. Some of the 
best-known glucosides are the amygdalin of the almond and other 
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rosaceous plants, the salicin of the willow the sinigrin of the 
cruciferse. 

The glucosides are all hydrolysed by heating with mineral acids to 
sugar and an organic residue. They are decomposed at very different 
rates, some glucosides (e.g. gynocardin) ibeing extremely resistant to 
acid hydrolysis. 

In the majority of cases the glucosides are hydrolysed by enzymes. 
The appropriate enzyme is contained in the same plant tissue, but in 
different cells, gaining access to the glucoside only when the tissue is 
destroyed. A great number of such enzymes exist, but it is too much 
to say that each glucoside has a special enzyme for its decomposition. 
Willstatter who for a time appeared to advocate this view now accepts 
the simple nature of the j3-glucosidase of emulsin. The best-known 
glucoside-splitting enzymes are the emulsin of almonds and the 
myrosin of' black mustard seeds. Both these enzymes can effect 
hydrolysis of a number of glucosides. 

Emulsin is especially wide in its action. Since it is the specific 
enzyme for j8-alkyl glucosides, all glucosides hydrolysed by it are 
regarded as derivatives of jS-glucose, though the fact that emulsin is a 
mixture of enzymes must not be lost sight of. No glucoside deriva- 
tive of a-glucose has so far been isolated from plants. 

The hydrolysis of glucosides by myrosin is undoubtedly connected 
with their sulphur content 

The majority of the glucosides are derived from dextro-glucose, but 
since more attention has been paid to the group, glucosides derived 
from a number of other carbohydrates have been discovered in plants, 
and there is little doubt that fresh investigation will extend their 
number. Glucosides are known which are derived from d- and /-ara- 
binose, /-xylose, ^-ribose, from rhamnose and other methyl pentoses, 
and from galactose, mannose and fructose. Glucosides containing 
carbohydrates other than glucose require special enzymes to effect 
their hydrolysis. 

Galactose has been identified in convallamarin, digitonin, robinin, 
sapotoxin, solanin. Mannose is found only in strophantin. 

Fructose is found in alliin (from garlic), and in the saponins from 
Sapindus rarak and Aesculus hippocastanum. 

Rhamnose is a constituent of baptisin, convallamarin, datiscin, 
frangulin, fustin, glycyphyllin, hesperidin, kampheritrin, ouabain, 
naringin,quercitrin, robinin, rutin, Sapindus saponin, solanin, strophan- 
tin, trifolin, turpethein, xanthorhamnin. 

Pentoses or methylpentoses have also been found in antiarin, 



THE NATURAL GLUCOSIDES 189 

barbaloin, convolvulin, gentiin, jesterin, quinovin, saponin, turpethein, 
vernin, vicianin. 

Some glucosides yield two or more monosaccharides on hydrolysis. 
In such cases these are united as di- or trisaccharides. Using appro- 
priate enzymes, the sugar groups may be removed one at a time, and 
new glucosides are formed. Thus amygdalin contains two glucose 
residues, one of which is removed by an enzyme present in yeast and 
termed amygdalase. The new glucoside so formed was termed 
mandelonitrile glucoside : it has since been found in plants and named 
prunasin. 

Both on account of the very small quantity of a glucoside usually 
present in a plant, and the fact that glucosides do not as a rule form 
insoluble characteristic derivatives which allow of their isolation, it is 
difficult to discover new glucosides and still more so to determine 
their nature. The introduction of biochemical methods has much 
facilitated work of this kind. Bourquelot’s biological method has led 
to the discovery of several new glucosides, and ter Meulen has estab- 
lished the nature of the sugar component in several instances. Ter 
Meulen makes use of the fact (p. 182) that an enzyme is only com- 
patible with and therefore only enters into combination with that 
sugar, the simple glucosidic compounds of which it is able to hydrolyse. 
He has investigated the rate of hydrolysis of a glucoside by the 
appropriate enzyme in presence of a number of the simple sugars. 
Only one of these sugars retards the change ; the others are almost 
without influence. The glucoside in question is considered to be a 
derivative of that sugar which retarded the hydrolysis. 

For instance, rhamninose alone retards the hydrolysis of xantho- 
rhamnin; glucose alone retards the decomposition of salicin or of 
amygdalin. In the case of glucosides of which the nature of the sugar 
component was not absolutely established, it was shown that aesculin, 
arbutin, coniferin, indican, sinigrin, and several other glucosides con- 
taining mustard oils are derivatives of ^-glucose. 

Bourquelot’s biological method of examining plants for glucosides 
consists in the addition of emulsin to an extract of the plant and the 
determination of the changes in optical rotation and cupric reducing 
power after a period of incubation. A change indicates the presence 
of j8-glucosides and its magnitude gives a rough indication of their 
quantity. 

In this manner taxicatin, CjgHggOy, has been discovered in Taxus 
iaccatd (Lefebvre) and the presence of aucubin demonstrated in a 
number of species of plantago (Bourdier), 
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TABLE XVII. 
Natural Glucosides. 


Glucoside. 

M.p. 

Products of Hydrolysis. 

^rbiitin. * • • C22K[igGiy 

Baptism , . 

GlycyphylHn . . C21H24O9 

Hesperidin . . 

Iridin . . . C24H2gOi3 

Methyl arbutin . CjgHigO^ 
Naringin 

Phloridzin . . 

Coniferin . . CigH2208 

Populin . . . CoaH JOo 

Salicin . . . C^HJsOt 

Syringin . . 

Amygdalin . . 

Dhurrin . . C14H17O7N 

Helicin . . , Ci3Hie07 

Linamarin . . CioHi708N 

Prulaurasin . . Ci4Hi70gN 

Prunasin . . Ci4Hj70gN 

Salinigrin . . Ci3Hig07 

Sambunigrin . Ci4Hi708N 

Vicianin . . CjgHggOjoN 

Convolvulin . . C54H9eOo7 

Gaultherin . . 

Jalapin . . . C44H55O10 

Pnmeverm . . ^ 20 ^ 28 ^ 1 $ 

Primulaverin. . CrjoHggOjg 

Aesculin . . CigHigOg 

Daphnia . . 

Fraxin . . . CigHjgOjg 

Scopolm . , C22H2gOj4 

Skimmm . . CigHigOg 

Frangulin . . CaiHggOg 

Polygonin . . 

Ruberythric add . CogHooO,. 
Rubiadia . . 02^0^ 

Apiin . . 

Campfentnn 
(Robinin) . . 

Centaurem . C^H^O, 

Euxanthxc acid 
(magnesium salt) CigHiROm 

Fustin . . . CggH' o,! 

Gossypitrin . . cJhX 

Incarnatnn . . CjiHjjOu 

Isoqueratnn . . CjiH3,0„ 

Loti» . . . C^H^OuN 

200° 

240° 

175° 

251° 

208° 

175° 

170° 

170° 

185° 

180° 

201° 

191° 

200° 

141° 

122° 

147° 

151° 

160° 

150° 

100° 

131° 

205° 

200° 

320° 

218° 

210° 

228° 

202° 

258° 

228° 

201° 

218° 

242° 

217° 

1 

Phenols, 

Glucose + hydroquinone 

Rhamnose -f baptigenin 

Rhamnose+ phloretin 

Rhamnose + 2 glucose + hesperetin 
Glucose + irigenin 

Glucose + hydroquinone methyl ether 
Rhamnose + glucose + narigenin 

Glucose + phloretin 

Alcohols. 

Glucose + coniferyl alcohol 

Glucose + saligenin + benzoic acid 

Glucose + saligenin 

Glucose syringenin 

Aldehydes. 

2 Glucose + d-mandelonitrile 

Glucose + /-oxymandelonitrile 

Glucose + salicylaldehyde 

Glucose + acetonecyanhydrin 

Glucose + racemic mandelonitrile 

Glucose + d-mandelonitrile 

Glucose + m-oxybenzaldehyde 

Glucose + Z-mandelonitrile 

Glucose + arabinose + d-mandelonitrile 

Acids. 

Glucose Hh rhodeose 4- convolvulinolic acid 
Glucose + methylsalicylate 

Glucose + jalapinolic acid 

Glucoxylose + methyl-jS-methoxyresorcylate 
Glucoxylose + methyl-m-methoxysalicylate 

OxycumcLvin Derivatives, 

Glucose + aesculetin 

Glucose + daphnetin 

Glucose Hh fraxetin 

2 Glucose + scopoletin 

Glucose + skimmetin 

Oxyanthraquinone Derivatives. 
Rhamnose + emodin 

Glucose 4- emodin 

Glucose +• alizarin 

Glucose + methylxanthofurfurin 

Oxyjlavone Derivatives. 

Apiose + apigenin 

Glucose H- 2 rhamnose + campferol 

Glucose + centaureidin 

Glucuronic acid 4- euxanthone 

Rhamnose 4* fisetin 

Glucose 4- gossypetin 

Glucose + quercetin 

Glucose 4- quercetin 

2 Glucose 4 - HCN 4- lotofiavin 
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TABLE XVII. (continued). 


Glucoside. 

M.p. 

Products of Hydrolysis. | 

. - ... .... 1 

Quercimeritrin 

C2xK[2qOj2 

247° 

Glucose -f quercetin | 

Quercitrin 

^21^20^11 

iSf 

Rhamnose 4 - quercetin | 

Rutin 

• ^ 27 ^ 30^16 

184° 

Glucose -1- rhamnose 4- quercetin j 

Serotin . 

• ^21^20^12 

245° 

Glucose + quercetin 

Sophorin 

• G 27 ^ 30^16 

— 

Rhamnose + glucose + sophoretin 

Thujin . 


183^ 

Quercetin + traces ot another glucoside 

Xanthorhamnin 

^ 34 ^ 42^20 


2 Rhamnose + galactose 4. rhamnetin 

Mustard Oils. 

Glucocheirolin C-nHonOnNSsK, HqO 

160° 

Glucose 4- cheirolin 

Glucotropaolin 

Cx^Hx^OgNS^K 

— 

Glucose 4- benzyl isothiocyanate 4- KHSO4 

Sinalbin 

^ 30 ^ 42 ^ 16 ^ 2^2 

138° 

Glucose 4- sinapin acid sulphate -f acrinyl- 
isothiocyanate 

Sinigrin 

CioHisOsNS^K 

126° 

Glucose 4- allyl iso thiocyanate 4- KHSO4 
Anthocyatis. 

Cyanin . 

Cg^HgoOig 

203° 

2 Glucose 4* cyanidin 

Delphinin 

• ^ 41 -*^ 38^21 

200° 

2 Glucose 4- 2 ^“Oxybenzoic acid 4- del- 
phinidin 

Galactose 4- cyanidin 

Idain 

• C2XH20O10 

— 

Malvin .■ 

• L 29 H 340 x 7 

165“ 

2 Glucose 4- malvidin 

Myrtillin 

• C2.2H22O12 

— 

Glucose 4- myrtillidin 

Oenin . 

* ^ 23 ^ 24^12 

— 

Glucose 4- oenidin 

Pelargonin . 

C27H30OX5 

H 

CO 

0 

0 

2 Glucose 4- pelargonidin 

Digitalis Group. 

Cymarin 

C30H44O9 

138^^ 

Cymarose (digitoxose methyl ether) 4* 
strophanthidin 

Glucose 4 digitalose 4- digitaligenin 

Digitalin 


217° 

Digitonin 

^54^92^28 

225° 

2 Glucose 4- galactose 4- digitogenin 

Digitoxin 

Cs^Hg^Oxx 

145'’ 

2 Digitoxose 4 digitoxigenin 

Gitalin . 

• ^28^48^10 

155° 

Digitoxose 4 anhydrogitaligenin 

Gitin 

^54-^92^28 

265° 

2 Galactose 4 digitogenin 

Gitonin . 

• ^49^80^23 

272° 

3 Galactose 4 pentose 4 gitogenin 

Strophanthin . 



Strophantibiose methyl ether 4 strophan- 
thidin 

Sapogmins. 

Agrrostemma sapotoxin (Ci 7 H 9 fi 0 in)<) 

— 

4 Sugars 4 CxoHxgOa 

Caulophyllosaponin C«flH,nd 0 i 7 

— 


Caulosaponin 

• ^54^88^17 

— 

2 Glucose 4 galactose 4 digitogenin 

Digitonin 

• Cg 4 Ho 202 g 

— 

' Digitosaponin . C 154 H 92 O 28 

Gypsophila (Levant 

— 

Pentose 4 digitosapogenin 

sapotoxin) . 

(^17^26^10) ^ 2^)2 

— 

Glucose 4 galactose 4 CigHjgO^ 

a-Hederin 


— 

Arabinose 4 rhamnose 4 a-h^erogenin 

Jegosaponin . 


— 

Glucose 4 glucuronic and tiglic acids 4 

2 sapogenins 

Parillin . 

* ^26^44^10 

— 

2 Sugars 4 parigenin, C^H4g04 

Ph3^osterolins 


— 

Glucose 4 a sitosterol 

Polysciasaponins 

. C 22 H 3 gOxQ and 

C25H42OX0 

___ 


Quillaic acid . 

. CxgHggOjo 

— 


Quillaja sapotoxin 

• ^17^26^10 

— 

Several sugars 4 Cx 4 H 2 g 02 

Saporubrin . 

• (Gx8H280xo)4 
. C 4 ^ 7 gO 20 ) 

— 

Sarsasaponin 

— 

3 Glucose 4 sarsasapogenin, C 2 gH 4 i 02 (OH) 

Smilacin 

“ 
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TABLE XVII. (continued). 



Glucoside. 

M.p. 

Products of Hydrolysis. 

Aucubin 

• • Cj3Hjg08 

H 

00 

Vai'ious* 

Glucose + aucubigenin 

Barbaloin 

• • ^20^18^9 

— 

f£-Arabinose + aloemodin 

Calmatambin 

, C 19 H 28 OJ 3 

144^^ 

Glucose + calraatambetin 

Capsularin 

. . C 22 H 38 O 8 


Glucose + capsularagenin 

Castelin 

• ^15^22^8 

— 

Glucose + castelagenin 

Datiscein 


190° 

Rhamnose + datiscetin 

DibenzoylgflucoxyloseCo^HoQOio. H^O 

148° 

Glucoxylose -f benzoic acid 

Gentiin . 

. . C 25 H 28 OJ 4 

374 ° 

Glucose 4- xylose + gentienin 

Gentiopicrin 

• ^lS^2ot^9 

191° 

Glucose -H gentiogenin 

Glycyrrhizin 

— 

2 mols Glucuronic acid lactone 4 - gly- 

Gynocardin 

. . C 13 H 29 O 9 N 

162° 

cyrrhetic acid 

Glucose + HCN 4 - CgH804 

Hiptagin 

. . CJQHJ 4 O 9 N 2 

110° 

Glucose 4 - hiptagenin 

Indican . 

- . C„H„OsN 

100° 

Glucose 4 - indoxyl 

Quinovin 

• • G3Qhl4808 

— 

Quinovose 4 - quinovaic acid 

Saponarin 


— 

Glucose 4" saponaretin 

Vernin . 

• • ^10^13^5^5 


<i-Ribose 4 - guanine 


The use of invertase ia the same manner affords a test for the 
presence of sucrose or raffiinose. 

A number of the better-known glucosides are given in the above 
table which also shows the products of hydrolysis. They are classified 
under alcohols, phenols, aldehydes, etc., according to the nature of the 
non-sugar part of the molecule. 

The better-known glucoside-splitting enzymes are grouped in Table 
XVII 1. together with the glucosides they decompose. Emulsin from 
almonds hydrolyses aesculin, amygdalin, androsin, arbutin, aucubin, 
bankankosin, calmatambin, conferin, daphnin, dhurrin, gentiopicrin, 
helicin, incarnatrin, indican, melatin, oleuropein, picein, prulaurasin, 
prunasin, salicin, sambunigrin, syringin, taxicatin, verbenalin, etc. 

TABLE XVIII. 


Glucosidoclastic Enzymes. 


Enzyme. 

Hydrolyses. 

Emulsin 

Prunase 

Amygdalase . , 

Gaulth erase ..... 

Lxnase [ 

Myrosin * . . . ! 

Rhamnase . . , . [ 

/Many natural glucosides 
/Synthetical )8-glucosides 

Prunasin and many other natural 
glucosides 

Amygdalin 

Gaultherin 

Linamarin 

Sinigrin and sulphur glucosides 
Xanthorhamnin 
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The Principal Glucosides. 

A few only of the glucosides have been selected for detailed com- 
ment, more particularly for the purpose of showing the relationship 
between their structure and their distribution in plants. Such data, 
when more complete, will afford preliminary material for the differentia- 
tion of species upon a purely chemical basis, as has been indicated by 
Miss Wheldale. At present, since the knowledge of the glucosides is 
chiefly based on the investigation of substances used for medicinal 
purposes, only a beginning has been made in this direction. 

Phenolglucosides. 

Arbutin, a colourless, bitter, crystalline substance, is obtained, 
together with methylarbutin, from the leaves of the bear berry, a small 
evergreen shrub (Arbutus uvd ursi), and from many genera in the 
Ericacem^ and yields hydroquinone and glucose when hydrolysed by 
means of emulsin or mineral acids : — 

Hydroquinone is a powerful antiseptic: hence the pharmacological 
value of arbutin, which has also a diuretic action. Methyl arbutin was 
one of the first glucosides to be artificially synthesised. Michael 
prepared it by the interaction of hydroquinone methyl ether and 
acetochloro glucose. 

Commercial arbutin contains methyl arbutin ; to purify it, it is dis- 
solved in alcohol, precipitated by potassium hydroxide and the pre- 
cipitate collected, washed and decomposed with calcium carbonate 
(H^rissey). 

Mannich states that a better, but still imperfect, method of separa- 
tion of pure arbutin from the mixture is to take advantage of the 
additive compound formed by arbutin and hexamethylene tetramine. 

The butylene oxide structure of the glucose molecule in arbutin is 
proved by the fact that pentamethylarbutin yields 2 3,5,6-tetra-methyl 
glucose on hydrolysis. 

When arbutin is hydrolysed by emulsin the quinol formed becomes 
slightly oxidised by the oxydase present in the enzyme and the solution 
darkens in colour. Methyl arbutin, which yields quinol methyl ether 
on hydrolysis, does not darken in solution. It is hydrolysed more 
rapidly than arbutin. 

Bourquelot and Fichtenholz have made an extensive study of the 
distribution of arbutin in the leaves of Pyrus species. Pear leaves 
{Pyrus communis) contain as much as i -3 to 1-4 per cent, of the 
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glucoside, which can be extracted by ethyl acetate. None could be 
detected in Cydonid vulgaris^ Malus communis^ Sorbus ducuparia^ or 
S', torminalis^ ail of which were at one time classed with Pyrus : the 
modern classification is thus justified on biochemical grounds. 

The leaves of certain varieties of Pyrus turn black when they fall ; 
these contain arbutin which is hydrolysed to quinol by the leaf enzyme, 
the quinol in turn being acted on by an oxydase to form the black 
subtance. In other varieties a golden yellow tint first appears which 
then gives place to black. These varieties are shown to contain 
methyl arbutin ; they produce at first a yellow and not a black oxida- 
tion product. 

Phloridzin^ which is found in the bark of apple, pear, cherry, plum 
and other rosaceous trees, is remarkable for the property it possesses 
of causing glucosuria when taken internally. Emulsin is without 
action on it: mineral acids form glucose and phloretin, which 

is a condensation product of ^-oxyhydratropic acid and phloroglucinol. 

Phloridzin has the formula 

(CgHiiOg . OjCOHkCfiHa . CO . CHMe . C,n,(OH) 

When phloridzin is treated with barium hydroxide it is hydrolysed 
to phloretic acid and phlorin (phloroglucinol glucoside) — 

CeH3(0H)2 - 0 - 

which last is identical with the phloroglucinol glucoside synthesised 
by Fischer and Strauss. Phloretin is a component also of Glycyphyllin^ 
the glucoside of the leaves of Smilax glycyphylla^ where it is com- 
bined with rhamnose. 

The phloroglucinol complex is present in the aromatic part of a 
large number of glucosides. 

Salidn, a colourless, crystalline, bitter substance, is the active con- 
stituent of willow bark * it has long been used as a remedy against 
fever and in cases of acute rheumatism. It is hydrolysed by emulsin 
to glucose and saligenin (<?-oxybenzyl alcohol), and has the formula 
^6^11^5 * ^ • CH2OH. Saligenin yields salicylic acid on oxi- 

dation, but has the advantage of being less irritant than this acid or its 
salts, and therefore does not produce digestive disturbances when 
administered medicinally. 

Salicin occurs in many but not all species of Salix, also in poplars 
and in^ the flower buds of meadow-sweet, Spirosa ulmaria. In the 
Willow it is found in the leaves and female flowers as well as in the 
bark ; the leaves and twigs of willows also contain a specific enzyme, 
sahcase, which hydrolyses it (Sigmund). 
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Salicin forms bromo and chloro derivatives which are hydrolysed 
by emulsin. 

When shaken with benzoyl chloride a monobenzoyl derivative is 
obtained in which the benzoyl group is in the sugar nucleus and not 
attached to the alcohol group of saligenin. This compound is identical 
with the natural glucoside populin found in the bark of a number of 
species of poplar {Populus). According to Weevers populin is hydro- 
lysed by an enzyme in Populus monilifera to salicin and benzoic acid. 
Emulsin is without action on populin. 

Helicin, the glucoside of salicylic aldehyde, is obtained on oxidation 
of salicin with dilute nitric acid. It has not been found to occur 
naturally, but was synthesised by Michael from salicylaldehyde and 
acetochloro glucose. Emulsin hydrolyses helicin and also its hydrazone 
and oxime. Helicin was coupled by Fischer with hydrogen cyanide 
to yield a synthetic cyano-genetic glucoside from which a further series 
of glucosides were obtained. 

Salinigrin^ the glucoside of j^z-hydroxy benzaldehyde, is isomeric 
with helicin. It was only found in one species {Salix discolor) out of 
thirty-three samples of willow and poplar examined by Jowett and 
Potter. 

Gaultherin^ the glucoside of methyl salicylate, is widely distributed 
in plants. It is not hydrolysed by emulsin, but gaultherase, the enzyme 
of Gaultheria procumhens and other plants, and mineral acids decom- 
pose it into glucose and methyl salicylate. 

A synthetic gaultherin, obtained by the action of diazomethane on 
glucosidosalicylic acid (Karrer), is hydrolysed by emulsin but not by 
gaultherase and therefore belongs to the /S-series. The natural pro- 
duct is therefore said to be the a-stereoisomeride but such assumption 
is not in harmony with its optical rotation or its behaviour towards 
maltase. It is just possible that natural gaultherin is a derivative of 
some other ring form of glucose and therefore a special form of enzyme 
is required to hydrolyse it. This explanation may apply to some of 
the other abnormal glucosides. 

Aumbin is the characteristic glucoside of the spotted laurel which 
causes the leaf to go black when injured or exposed to organic vapours 
owing first to hydrolysis of the glucoside and then to oxidation of the 
aucubigenin. It is easily prepared from the ripe berries of the 
Aucuba. It appears to be generally distributed as it has been obtained 
in pure condition from species of Melampyrumy from the seeds of 
Veronica hedermfolia and from the stems and seed of RManthus, 

Coniferin, the glucoside of the fir-tree, is of importance as the 

13 * 
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starting-point for the synthesis of vanillin which is formed from it 
by oxidation with chromic acid 

It yields glucose and coniferyl alcohol when hydrolysed by emulsin, 
and has the formula 

(CeHijOg . O) . C6H3(OMe) . CH : CH , CH^OH 

By careful oxidation glucovanillin is formed, and this may be oxi- 
dised to glucovanillic acid or reduced to glucovanillyl alcohol. All 
three glucosides are hydrolysed by emulsin. 

A methoxy-coniferin is syringin^ the glucoside of the Syringa, which 
is likewise hydrolysed by emulsinto syringenin (methoxyconiferyl 
alcohol). 

Coumarin Glucosides. —Coumarin is very widely distributed in 
plants : there can be little doubt that it is present in the form of a 
glucoside but this has not yet been isolated. Several glucosides con- 
taining hydroxycoumarins are known. 

Skimmin^ CigH^gOg, a constituent of Skimmia japonica^ is the gluco- 
side of 4-hydroxycoumarin (skimmetin), which is isomeric if not identical 
with umbelliferone. 

Aesculin, found in horse-chestnut bark (Aesculus hippocas- 

tanuni) and Daphnin^ a constituent of several species of Daphne^ are 
glucosides of isomeric dihydroxycoumarins named aesculetin and 
d^phnetin respectively. 

Scopolm^ present in Scopolia faponica^ is sesculin monomethyl ether. 
It is said to contain two molecules of glucose. 

Limettin, the dimethyl ether of sesculin, is found in citrus. 

Fraxin, found in the ash, in species of Aesculus and 

in Dlenvilla^ is the glucoside of a monomethyl ether of trihydroxy- 
coumarin termed fraxetin. The position of the methyl group is un- 
certain. 

The following formula show the relation of these glucosides : it 
is not known which hydroxyl is attached to the glucose residue : — 


CH:CH.CO CH:CH.CO CHrCH.CO CHiCH.CO 



Skimmetin. Aesculetin. Daphnetin. Fraxetin. 


Madder. 

Madder, the ground root of JR.ubtu tmctoTuifi^ which was long con- 
sidered as the most important dye-stuff and has been cultivated from 
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remote antiquity, consists of a number of glucosides of which the 
most important is ruberythric acid This is composed of two mole- 
cules of glucose and alizarin, i.e. dihydroxyauthraquinone. The 
glucose molecules are probably united as a disaccharide since the 
glucoside is strongly acid and forms red coloured salts indicating the 
presence of a free hydroxyl group. Since its synthesis by Graebe 
and Liebermann alizarin has been manufactured entirely from anthra- 
quinone and the madder industry destroyed. 

The madder contains an enzyme, erythrozym, which hydrolyses 
the glucoside. 

Other glucosides present in madder are those of purptirin which is 
trihydroxyanthraquinone : xanthopurpurin which is a dihydroxyanthra- 
quinone isomeric with alizarin and rubiadin, which is a methyl deriva- 
tive of xanthopurpurin united to one molecule of glucose. 


Hydroxyflavone or Anthoxanthinglucosides. 


The great majority of the soluble yellow plant pigments are 
glucosides derived from flavone or xanthone ; that is, they contain the 
benzopyrone nucleus •. — 


(Y> 


CO 


In the pigments so far studied this nucleus contains one or more 
hydroxyl groups and is united to the simple aromatic compounds 
benzene, phenol, catechol, resorcinol or pyrogallol. The structure of 
the pigments has been deduced by the study of their decomposition 
products and in many instances confirmed by their synthesis : much 
of the progress in this group is due to the researches of A. G. Perkin. 
Syntheses of many of the hydroxyflavones have been accomplished by 
a method due to Kostanecki. 

The sugar residue may be either glucose or rhamnose, or some 
other monosaccharide or even a disaccharide, the methyl pentoses being 
common in this group. In addition to the differences in the non.- 
sugar part of the molecule there are several isomerides possible accord- 
ing to which phenolic group is concerned in the attachment to the 
sugar. Such differences in constitution will correspond with differ- 
ences in the properties of the several glucosides, especially in their 
behaviour towards acids. 

The flavone glucosides are in general colourless or nearly so and 
it would appear probable that when a yellow tint is due to their 
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agency it is to be traced, as in the case of the yellow cotton flower, to 
their presence as a potassium or other salt The sugar-free pigments, 
which occur also in the free state along with the glucosides, are yellow 
crystalline solids giving a number of characteristic colour reactions. 

The following hydroxyflavones or their glucosides have so far been 
isolated from plants : — 

The giucoside of chrysin (i : 3-dihydroxyflavone) 

I J-CO.CH 

OH 

has not been itself isolated, but the fiavone occurs in various species of 
poplar and mallows. 

Apiin^ the giucoside present in the leaves of parsley, celery, eta, 
is hydrolysed to glucose, apiose (a sugar of abnormal structure with 
five carbon atoms) and apigenin (1:3: 4'“trihydroxy flavone) : — 

HO/^—O .C— CsH4(OH) 

X II 4' 

t J-_CO.CH 

OH 

According to Perkin the sugar residue is united to the hydroxyl 
group marked x. Apigenin has been identified by Wheldale as the 
basis of the ivory white of antirrhinum flowers. 

The giucoside of luteolin (l : 3 : 3' : 4' : tetrahydroxy flavone), the 
colouring matter of Reseda luteola and Jenista tinctoria^ has likewise 
not been isolated ; — 

HO/N— O .C— C6H3{OH)o 
II 3', 4 ' 

I J_>CO.CH 

OH 

The giucoside of galangin (i : 3-dihydroxy flavonol) occurs in 
the root of Galanga : — 

HO^-^0 .C-CgH, 

I J— CO . C . OH 

m 

Cafnpferitrin (Robinin) is the giucoside of the white azalea 
{Rohinia pseuiacadd) and of Java indigo. It is composed of glucose, 
rhamnose (2 molecules) and campherol (i : 3 * 4 -trihydroxy flavonol) : — 

Ho/\~-o . C— C6H4(0H) 

II 4' 

CO . C . OH 

OH 
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Fustin^ the glucoside of fustic {Rhus cotinus') '^iA perhaps also of 
Quebracho Colorado, is hydrolysed to rhatnnose and 2 rtioleoules of fisetiii 
3 : 3' : 4'-tri-hydroxyflavonol) : — 

0 CgHgCOH). 

li 

Vv J— CO.C. OH 

Quercitrin is the glucoside of the oak bark. It is easily hydrolysed 
by acids to rhamnose and quercetin (quercitin) - 1:3:3': 4'-tetra- 
hydroxyflavonol : — 

H0/\— O .C— CgHgCOH)^ 

CO.C.OH 

OH 

Quercetin is very widely distributed in plants from many of which 
the glucoside has not been isolated. It frequently occurs, together 
with other pigments of the group. It follows indigo and alizarin in 
industrial importance as a natural dye-stuff. 

Incarnatrin, the glucoside of crimson clover {Trifolium incarnatuni), 
contains glucose and quercetin and is hydrolysed by emulsin. 

Monomethyl ethers of quercetin also occur as glucosides. 

Xanthorhamnin, the glucoside of various species of Rhanmus, is 
composed of galactose, rhamnose (two molecules) and rhamnetin 
(monomethyl quercetin). According to Tanret the methoxyl group 
occupies positions i or 3. Wheldale considers it replaces the OH 
group in the ^-pyrone ring. Frangulin, from Rhanmus frangula, is 
probably identical with xanthorhamnin. 

An iso-rhamnetin has been isolated by Perkin from an Indian dye, 
asbarg, {torn Delphinium zalil and from the wallflower: it is I : 3 : 4'- 
hydroxy 2 -methoxy flavonol ; — 

O .C— QHsCOH) (OMe) 
il T 3 ' 

I 1--CO.C.OH 

HO 

A dimethyl ether of quercetin is rhamnazin, present in the fruits 
of Rhamnus species. 

When quercitrin is methylated with diazomethane (Herzig) the 
free hydroxyl groups are readily methylated and ultimately a penta- 
methyl quercitrin obtained, one methyl entering into the rhamnose 
molecule On hydrolysis a tetramethyl quercetin is formed in which 
the hydroxyl in the pyrone ring is left unmethylated. The attach- 
ment of rhamnose and quercetin must accordingly take place through 
this hydroxyl. 
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Quercimeritrin obtained from the flowers of Gossypium herbaceum 
is composed of glucose and quercetin. Acids hydrolyse it with diffi- 
culty. The sugar residue is supposed to be attached either to the 
hydroxyl group i or 3. 

Iso-quercitrin accompanies quercimeritrin in cotton-flowers. It 
differs from it in being easily hydrolysed by acids to glucose and 
quercetin. 

Rutin, which is widely distributed in plants, is hydrolysed with 
difficulty by acids to quercetin, glucose and rhamnose. There are 
indications that the sugar is rhamninose. 

Thujin, in Thuja occidentalis (arborvitae), consists of quercitrin 
accompanied by traces of another glucoside. 

Serotin, present in Prunus Serotina, is easily hydrolysed by acids 
to glucose and quercetin. 

The glucoside of yellow wood (Moms tinctoria) contains morin 
(1:3:2': 4-tetrahydroxyflavonol) ; — 

HOf^O .C-~C6H3(0H)2 

11 2', 

I JCO.C.OH 


Myricetin (i : 3 : 3' : 4' : S'-pei^tahydroxyflavonol) : — 

H0|^0 .C~CeH2(0H)2 


.C.OH 


. 3 '» 5' 


OH 


is found in the leaves of Rhus species and in the bark of Myrica magi, 
Gossypztrin, one of the glucosides present in Egyptian cotton 
flowers, yields on hydrolysis glucose and gossypetin, — C^gHioOg; it has 
the following formula though the position of the hydroxyl groups in 
the tetrahydroxybenzene nucleus has not yet been determined with 
certainty. The sugar is attached to the tetrahydroxybenzene 
nucleus : — 


? (OH)J 


O .C-CgHgCOH), 
11 3 ^ 4' 

‘CO.C.OH 


Quercetagetin^ from the flowers of the African marigold (Tagetes 
patuld)y is very closely allied to gossypetin, both containing tetra- 
hydroxybenzene and catechol nuclei. It perhaps has the structure 
of a I : 2 : 4 : 3' : 4-pentahydroxyflavonol, though the I : 2 : 3 : 3' : 4' 
alternative is also possible. 

Gossypetin forms an interesting quinone, gossypetone, on by- 
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droiysis, which resembles the quercetone obtained from quercetin by 
the action of chromic acid. Gossypitrin yields a similar quinone on 
oxidation by means of benzoquinone. Ferkin suggests this has the 
structure — 

O 

CeH.oOg . o/\o . C-0 . C^HgCOH), 
l^CO.C.OH 
O 

Perkin has compared the glucosides of a variety of cotton flowers, 

The red flowers of G-arboreum contained isoquercitrin ; the yellow 
flowers of the Indian G-neglectmn contained gossypetrin and iso- 
quercitrin ; whereas the yellow flowered Egyptian variety contained 
quercimeritrin as well White flowered varieties G-Rossumg2x^ only 
very small quantities of a glucoside resembling apigenin, and the 
pink flowers of G-sanguineum contained only traces of flavones. 

The leaves and flowers of Upland cotton G~hirsutum contain 
quercimeritrin and isoquercitrin, the latter being present in the petals 
only. 

The xanthone colouring matters also come within this group. 

Euxantkone is formed when cattle are fed with mango leaves. 
The urine contains euxanthic acid (Indian yellow) which is a combina- 
tion of glucuronic acid with euxanthone. The pigment is made in 
Bengal and largely used in India. Euxanthone is 2 : 3'-dihydroxy- 
xanthone : — 


o 



OH CO 


Gentisin, the yellow pigment present in Gentiana lutea^ no doubt 
originally in the form of a glucoside, is 4-methoxy-2 : 3-dihydroxy- 
xanthone. 

The hydroxyflavone glucosides are so widely distributed in plants 
in the form of colouring matters in the cell sap that the occurrence of 
the parent substance, flavone, is of quite especial interest. It is present 
as the farina of many species of primula in almost pure condition, as 
was shown by Hugo Muller. No opinion is expressed by him as to 
the physiological function which flavone exercises in the economy of 
the plant life, though the fact that it is excreted so freely would seem 
to imply that it is of no further use in the life process although its 
repellant action towards water is probably of importance. This ob- 
servation has been confirmed by Shibata and Nagai, who find that 
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the waxlike or powdery coverings of many plant organs contain flavone 
compounds secreted by the epidermis. 

The same observers have examined the leaves, flowers, bark, wood, 
etc., of over 240 species of tropical plants and find that flavones were 
invariably present. They suggest that the flavone glucosides exert a 
protective action against the solar rays, especially those of short-wave 
length which are injurious to the living protoplasm, and evidence the 
fact that plants grown in the shade contain less flavone glucoside than 
those grown in the open. Similarly, plants provided with a heavy 
cuticle are usually poor in flavones. They further find that flavones 
and anthocyanins often interchange, showing they have the same pro- 
tective function. Thus young shoots contain red anthocyanin which 
changes into the colourless flavone glucoside in the green organ and 
back into the anthocyanin before the fall of the leaves. 

To detect the flavone the tissue is extracted with hot alcohol and 
a few cubic centimetres of the extract are heated with a drop of 
mercury, a little magnesium powder and a few drops of concentrated 
hydrochloric acid in a test tube. In the presence of a flavone, reduc- 
tion takes place with a vigorous generation of hydrogen gas and the 
production of a red colour. 


Anthocyan Glucosides. 

The soluble red, violet and blue pigments of the cell sap are all 
glucosides. They are being investigated by Willstatter who has 
shown they are derivatives of the complex benzo-pyrilium nucleus : — 

o 


S^\cH 



CH 


which differs from the benzopyrone nucleus of the hydroxyflavones in 
having a CH group in place of the CO group. The oxygen atom in 
the ring is strongly basic and forms quadrivalent stable salts with 
acids. The phenolic hydroxyl groups can form salts with alkali. 

Willstatter explains the existence of the red, violet and blue 
colours as follows : the red is the acid salt, the blue is the potassium 
or metallic salt, and the violet is the anhydride of the pigment : — 


O.Ci 


0 


Red. 


^\A 


Violet. 


O.CI 


Blue. 
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The colour is due to the quinonoid structure of the molecule. 

To prepare the anthocyans the material is extracted with cold 
glacial acetic acid and the extract precipitated with ether. A syrup 
is precipitated which is dissolved in warm aqueous picric acid solution : 
on cooling the crystalline picrate separates. It is converted into the 
chloride which can be crystallised from dilute alcohol containing 
hydrochloric acid. 

The anthocyans so far investigated are : — 

(1) From cornflower and rose, 

cyanin, CgyHgiOigCl = 2 mols. glucose 4- cyanidin. 

(2) From cranberry, 

idain, C2 iH.2i0iqC 1 = galactose + cyanidin. 

(3) From blue grapes, 

cenin, C23H25O12CI = glucose + oenidin. 

(4) From whortleberry, 

myrtillin, C22H230i2^1 — glucose 4 - myrtillidin. 

(5) From larkspur, 

delphinin, C^jHggOgiCl =s 2 mols. glucose 4- 2 mols. j&-oxy-benzoic acid 4- del- 
phinidin, 

(6) From geranium, 

pelargonin, CgvHgOigCl = 2 mols. glucose 4* pelargonidin. 

(7) From mallow, 

malvin, C29H3g0^7Cl = 2 mols. glucose 4- malvidin. 

(8) From paeony. 

pasonin, CgsHggOigCl = 2 mols. glucose 4- paeonidin (= cyanidin methyl ether). 


The close relationship which exists between the anthocyanidins 
and the anthoxanthins is shown by the fact that — 

Cyanidin is isomeric with luteolin, campherol and fisetin ; 
Delphinidin is isomeric with quercetin and morin ; 

Pelargonidin is isomeric with apigenin and galangin. 

All three compounds give phloroglucinol when heated with alkali. 
Willstatter gives them the following constitutional formulae : — 


Cl 


Cl 


HO/ 



OH 


-<3oh 


OH 


■COrO 


OH 

Pelargonidin. 

Cl 


OH 
Cyanidin. 
Cl 


OH 


HO 



OH 


- 0 °" 

OH 


CX)^- 


'^OMe 


OMe 
OH 
OH 


OH 
Delphinidin. 


OH 
Oenidin. 
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The interconversion of the anthoxanthins and the anthocyanidins 
is a matter of the greatest interest as it undoubtedly takes place in 
the plant probably under the influence of oxidative and reducing 
enzymes. Chemically the change is not easily effected though querci- 
tin has been reduced to cyanidin by Everest Pelargonidin has been 
synthesised by Willstatter. 

The rdle of oxydases in the formation of the anthocyan pigments 
of plants has been studied by Keeble and Armstrong. 

Digitalis Glucosides. 

The leaves of the foxglove {Digitalis purpurea') contain apparently 
more than five glucosides which form the active constituents of digi- 
talis, but their nature has been but scantily investigated. 

Digitoxin^ the most active principle, is insoluble in water; on 
hydrolysis it forms digitoxigenin and a sugar, CgHi204, digitoxose. 

There are apparently two digitoxins, one of which forms a hydrate. 
The commercial product made by Merck changed from one form to 
the other in 1895. Digitoxose is very unstable and much of it is 
resinified when the glucoside is hydrolysed even with o'S per cent 
hydrochloric acid. 

Digitalin possesses in a high degree the physiological action of 
digitalis, decreasing the frequency and increasing the force of the beat 
of the heart ; it yields digitaligenin, glucose and digitalose, C7HJ4O5, 
on hydrolysis. 

Digitonin, which comprises one-half of the mixed glucosides of 
the seeds, belongs to the saponins : it dissolves sparingly in water, 
forming opalescent solutions which froth on agitation. It is hydro- 
lysed to glucose (two molecules), galactose (two molecules) and 
digitogenin. Characteristic is the formation of a crystalline precipitate 
with cholesterol. 

Merck’s preparation of digitonin is a mixture of glucosides ; a 
constituent gitonin, C 49 Hgo 023 , has been isolated by Windaus, as an 
amorphous substance giving an additive compound with cholesterol. 
It is hydrolysed to galactose (three molecules), a pentose (one mole- 
cule) and the crystalline gitogenin, C2gH4204. 

Kraft has studied afresh the glucosides present in digitalis leaves 
and describes a member of the saponin class, digitosaponin, which is 
apparently identical with digitonin, but yields a pentose and digito- 
sapogenin upon hydrolysis, 

GitahUy CggH^gOjQ, an amorphous, neutral and very sparingly 
soluble glucoside possessing physiological activity, was also isolated 
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by Kraft By evaporation of the alcoholic solution he obtained the 
crystalline anhydrogitalin, Both gitalin and its anhydro- 

derivative give the same products of hydrolysis, namely, digitoxose 
and anhydrogitaligenin, 

Kiliani states, on the other hand, that gitalin itself is a mixture of 
glucosides, separable by fractional solution in water and a mixture of 
organic solvents into fractions differing in physiological action, solu- 
bility and hydrolytic behaviour. 

Some of the glucosides of digitalis seeds form crystalline addition 
products with amyl alcohol, thus allowing the separation of digitonin 
and gitonin in the precipitate from digitalin in the solution. 

The work of Windaus and Hermanns has shown that cymarin, the 
active principle of Canadian hemp {Apocynum cannabinuni)^ belongs to 
the digitalis group of glucosides. When hydrolysed it yields cymari- 
genin and a new sugar cymarose which behaves as the methyl ether of 
digitoxose. Cymarigenin is identical with apocyanamarin obtained 
by Moore from Apocyanum andrascemifolium and with strophanthidin 
from strophanthin-Komb6. An interesting relation between the three 
glucosides is thus established: — 


^4^64^11 

= C 22 H 32 O 4 + 

, 2CgHi204 

Digitoxin 

Digitoxigenin 

Digitoxose 

^80^44^9 

~ CogHgoOg + 

C7H1A 

Cymarin 

Cymarigenin 

Cymarose 


= Strophanthidin 

= Digitoxose methyl 
ether 

^36^64^15 

= ^23^3*)^^ 6 + 

^13^24^10 


Strophanthin Strophanthidin Suophantibiose 

methyl ether 

Strophantibiose is said to be composed of mannose and rhamnose. 
Hirohashi states that the youngest leaves of digitalis are the most 
active physiologically * they should be collected before inflor^cence. 
There is no difference in activity between red and white flowers. 
Cultivated digitalis is as active p the wild variety and the first year’s 
growth is as active as that of the second (Hatcher). 

Oleander leaves contain two crystalline active glucosides similar 
to those in digitalis leaves The whole of the active substances in 
oleander leaves are readily extracted by. cold water: this solubility 
seems due to the large amount of a phenolic glucoside present in the 

leaves which is not a true tannin. 

A careful study of the development of the glucosides in germinating 
and growing digitalis plants has been made by Straub, The amount 
of the glucosides was estimated by a pharmacological method, viz. by 
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determining the number of lethal doses for a frog. The glucosides 
studied were digitalinum verum and digitalein, which are soluble in 
water, in the seeds, and further digitoxin, which, is insoluble in water 
but soluble in chloroform, and gitalin, soluble in both water and chloro- 
form, in the leaves. The glucosides of the seeds are not reserve 
materials but disappear* during germination and are stored in the 
leaves, in which organs they do not increase further in quaintity. 

The leaf glucosides are found in the earliest foliage leaves and 
continue to increase in quantity until they form i per cent, of the 
dried matter : it is supposed that they are only waste products of the 
metabolism of growth. 


Indican. 


Plants which yield indigo do not contain the colouring matter 
as such but in the form of a glucoside indican, which is readily ex- 
tracted from the leaf by means of acetone. Indican yields glucose 
and indoxyl on hydrolysis ; the indoxyl (colourless) undergoes further 
oxidation to indigotin (the blue colouring matter) 


CnH„06N + H^O = C,H, A + CbHjON 

Indican. Glucose. Indoxyl. 


2C3H7ON -h O3 = sHgO + 

Indoxyl. Indigotin. 


Indigotin is readily obtained on hydrolysing indican with dilute 
acids containing a little ferric chloride as an oxygen carrier, but the 
yield under these conditions is not quantitative. In the plant an 
oxydase plays an important part in the formation of indigotin. 

Indican is also hydrolysed by a specific enzyme, indemulsin, which 
is present in the leaves of the indigo plant Emulsin also slowly 
hydrolyses indican, but its action is far less intense than that of the 
* Indigofera enzyme preparations. The yield of indigotin in this case is 
also below the theoretical, especially when hydrolysis is slow: this is 
due to the great instability of indoxyl and in part also to the occlusion 
of indoxyl by the enzyme. It may be improved by adding a small 
quantity of sulphuric acid to the mixture at the commencement of the 
reaction. Technically it is of the greatest importance that the yield 
of natural indigo obtained. on the manufacturing scale be a maximum. 


Mustard Oil Glucosides. 

A number of plants belonging to the cruciferae yield glucosides 
containing sulphur. These give rise to mustard oils when hydrolysed 
by the enzyme myrosin which accompanies them in the plant The 
best-known representatives of this class are sinigrin and sinalbin, 
found in the seeds of the black and white mustard. When the seed 
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of black mustard is bruised and moistened, the odour of allylisothlo- 
cyanate is easily recognised. The myrosin and the glucoside are con- 
tained in separate cells in the seed, and do not interact until brought 
together by the solvent 

The recognition of an ethereal oil as the active principle of black 
mustard dates from 1730 (Boerhave). Bussy was the first to isolate 
the glucoside, which he termed potassium myronate, and the accom- 
panying enzyme, myrosin. Will and Korner gave the name sinigrin 
to the glucoside, and showed that it is hydrolysed to allylisothio- 
cyanate, glucose and potassium hydrogen sulphate — 

CjoHigOgNS^K + H^O = CgH, . NCS + + KHSO, 

Sinigrin was subsequently investigated in detail by Gadamer, who 
proposed the formula : — 

C3H5 . N : C(S . . OISO^K) 


Schneider’s isolation of the silver derivative of thioglucose from 
sinigrin tends to support this view. 

Wrede and others have shown that the thioglucose obtained from 
sinigrin is not identical with that prepared synthetically as shown by 
the fact that it is l^vorotatory [a]^ ~ 50°> whereas the synthetic pro- 
duct has [ajo + The pentacetyl derivatives are also different 

It is suggested that these are a- and jS-forms which are presumably 
more stable than the corresponding forms of glucose. 

When potassium methoxide is added to sinigrin, potassium sulphate 
separates at once, and on adding ammoniacal silver nitrate the silver 
salt of this glucose is obtained, proving that the glucose molecule is 
attached to the sulphur atom in the glucoside 


C3H5 . N : C . (OSO3K) . S . CsHi.Og 
— , N : C(OMe) . S . CgHj^Oj 
" >HS.CgH ,,03 


At the same time another decomposition product, merosinigrin, is 
formed which is characterised by great stability : it forms a triacetate 
and may be a ring compound 


CH 2 ( 0 H).CH( 0 H). 


CH.CH(OH).CH.CH 

I J 

O S 


C:N.C,H5 


It is not hydrolysed by emulsin or by yeast extract or any known 
enzyme other than myrosin. As hydrolysis proceeds, the increasing 
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quantity of acid potassium sulphate formed renders the ferment less, 
active and ultimately stops its action. 

Guignard has very carefully investigated the localisation of myrosin 
in the plant. It occurs in special cells with finely granular contents 
which are free from starch, chlorophyll, fatty matter and aleurone 
grains. 

Sinalbin is likewise hydrolysed by myrosin, which accompanies it 
in the seeds, to glucose, sinalbin mustard oil (/>-hydroxybenzylisothio- 
cyanate) and acid sinapin sulphate — 

C3oH4Pi 5N.,S3 + = CgHjA + C7H7O , NCS + . HSO, 

Barium hydroxide converts acid sinapin sulphate into choline and 
sinapinic acid — 

C6H2(OH)(OMe)2 . CH : CH . CO2H 

It is of interest that the alcohol corresponding with this acid is 
syriagenin, a constituent of the glucoside syringin. 

GlucocheiroUUy CnHgoOnNSgK, H2O, occurring in wallflower seeds, 
has been studied by Schneider and found to be a derivative of an 
aliphatic sulphone. Its probable constitution is — 

CH3 . SO2 . CH2 . CH2 . CH2 . N (0 . SO3K) . S . CgHiiOg 
It is hydrolysed to glucose and cheirolin by myrosin. 

Pentosides. 

Barbaloifiy CgoHj^Og, is hydrolysed to nT-arabinose and aloemodin, 
CisHioOg. This pentose was at first described under the name aloinose 
(Leger) : it affords one of the rare instances of the natural occurrence 
of both d and I modifications of a carbohydrate (q.v. arabinose). UAra- 
binose is a constituent of the saponins as well as of gums and pentosans. 

VermUy CioHigO^NgjZHgO, is guanine-^-ribose. Originally dis- 
covered by Schulze in the seeds of Lupinus luteus^ it was recognised 
as a pentoside by Schulze and Castoro. It is identical with the guanosin 
obtained by Levene and Jacobs from nucleic acid and with the pentoside 
obtained by Andrlik from molasses. The pentose was recognised as 
</-ribose by Levene and Jacobs and used by them for the synthesis of 
<f-allose and ^-altrose. 

Dibenzoylglucoxyloscy C25H280i2,H20, the first naturally occurring 
simple glucoside of benzoic acid which has been discovered, was ob- 
tained by Power and Salway from Daviesia latifolia. It is hydrolysed 
to benzoic acid and glucoxylose, a non-reducing disaccharide. Acid 
hydrolysis of the latter leads to the production of glucose and xylose. 

Another gluco-xylose with a free aldehyde group in the glucose 
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residue, which has been termed primeverose by Goris and Vischiiiac, 
is a constituent of the glucosides primeverin and primulaverin isolated 
from Primula officinalis. 

Amygdalin. 

Amygdalin is perhaps the best known and at the same time the 
most interesting of the glucosides ; it has formed the subject of re- 
peated and fruitful investigation ever since its discovery ninety-four 
years ago, and even to-day the exact structure is not satisfactorily 
established. It is an example of a glucoside which contains nitrogen ; 
on hydrolysis it yields benzaldehyde, hydrogen cyanide and two mole- 
cules of glucose. It is found in large quantities in bitter almonds and 
in the kernels of apricots, peaches, plums and most fruits belonging to 
the Rosacese. It is the antecedent of the so-called essence of bitter 
almonds, and is widely used as a flavouring material. Like most 
glucosides it is a colourless, crystalline, bitter substance soluble in 
water. 

The presence of hydrogen cyanide in the aqueous distillate of 
bitter almonds was observed at the very beginning of the nineteenth 
century by Bohm; the crystalline glucoside was first obtained by 
Robiquet and Boutron Charlard in 1830, who showed its connection 
with the essence of bitter almonds. 

In 1837 Liebig and Wohler found that amygdalin was hydrolysed 
by a certain nitrogenous substance, also existing in the almond, to 
which they gave the name emulsin, in accordance with the equation — 

C20H27O11N + 2H2O = C^HfiO + HCN + 2C6H12O6 
Amygdalin. Benzalde- Hydrogen Glucose, 

hyde. cyanide. 

They proved it to be a glucoside of benzaldehyde cyanhydrin. 

Ludwig in 1856 pointed out that hot mineral acids hydrolyse 
amygdalin, giving rise to the same products as emulsin does. Schiff 
was the first to suggest that the two glucose molecules were united as 
a biose — 

CgHg . CH(CN) . o - C6 Hj,04 . O . 

and this view became generally accepted when it was shown by 
Fischer that amygdalin may be resolved by an enzyme, contained in 
yeast extract, into a molecule of glucose and one of a new glucoside 
which he termed mandelonitrile glucoside— 

CA.CH(CN).0-C«HjA 

Fischer came to the guarded conclusion that amygdalin was a deriva- 
tive either of maltose or of a closely related diglucose. 

14 
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However, neither in its behaviour towards enzymes nor in its 
chemical properties does amygdalin behave as a maltoside. 

The Purdie-Irvine methylation method has been applied to amyg- 
dalin by Haworth and Leitch who find that the same trimethylglucose 
is obtained from the disaccharide in it as from maltose. They there- 
fore consider it, apart from stereo chemical reservations, to be structur- 
ally identical with maltose, i.e. to be a 6-glucose-^-glucoside. The 
subsequent proof by Haworth and Wylan that gentiobiose also has 
the structure of maltose whereas cellose involves carbon atom 5 in the 
junction makes the identity of amygdalin biose and gentiobiose highly 
probable. The behaviour of gentiobiose towards amygdalase has not 
been tested but the fact that it is hydrolysed by emulsin and that 
Bourquelot prepared it synthetically by means of emulsin shows that 
this biose is either a /3-glucoside or a product of amygdalase. Kuhn, 
as the result of observing the mutarotation of the glucose formed on 
hydrolysis of amygdalin by emulsin, also considers the biose to be 
glucose-yS-glucoside. 

When hydrolysed by means of strong hydrochloric acid, amygdalin 
gives /-mandelic acid, and Fischer’s amygdonitrile glucoside is corre- 
spondingly zf-mandelonitrile glucoside.^ 

Am yg dal in at first sight seems to present an exception to the rule 
that enzymes which attack y3-glucosides are strictly without action on 
a-glucosides, and vice versa. Emulsin hydrolyses amygdalin at both 
glucose junctions ; an enzyme in yeast extract (maltase ?) also attacks 
one of these. This junction must either be attackable by two distinct 
enzymes, or the enzymes in question must be mixtures and contain a 
common constituent. The latter hypothesis has proved to be correct. 

Caldwell and Courtauld, in the course of a quantitative study of 
the hydrolysis of amygdalin by acids, showed that change takes 
place more readily at position Y in the molecule than at position X, 
as indicated in the formula, 

. CH(CN)0 . . O . C,HiA 

X Y 

The first product of acid hydrolysis is therefore the mandelonitrile 
glucoside obtained by Fischer; and this can be prepared in such 
manner. It was further shown that the action of yeast extract on 
amygdalin was due not to maltase but to the presence of a hitherto 
unknown enzyme appropriately termed amygdalase. This is more 


^ According to the existing nomenclature Z-mandelic acid forms d-mandelonitrile. 
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stable towards heat than maltase, and can be obtained almost free 
from maltase by preparing the extract at an elevated temperature. 

The fact that an enzyme distinct from maltase effects the hydro- 
lysis of amygdalin is clear proof that the glucoside does not contain 
maltose. Additional confirmation of this is afforded by the fact that 
the rate of hydrolysis of amygdalin either by amygdalase or by emulsin 
(ter Meulen) is not affected by the presence of maltose. This last 
sugar should have slowed the reaction had it been a constituent of the 
glucoside. 

When amygdalin is hydrolysed .by emulsin it is not possible at 
any stage of the reaction to detect the presence of a diglucose. In 
reality, under the influence of emulsin prepared from an aqueous ex- 
tract of almonds, two actions are going on at the same time, viz, 
hydrolysis at the centre Y, forming mandelonitrile glucoside and 
glucose, and, more slowly, hydrolysis of the mandelonitrile glucoside 
at X, forming benzaldehyde cyanohydrin and glucose. By interrupt- 
ing the hydrolysis at the proper point it is possible to isolate the 
mandelonitrile glucoside. Such experiments prove that almond ex- 
tract contains amygdalase in addition to the emulsin proper, which 
hydrolyses ^S-glucosides. Amygdalase is entirely without action on 
^-glucosides. 

The second enzyme in emulsin has been found in the leaves of 
many plants where it occurs without amygdalase. Since it was first 
found in the leaves of the common cherry laurel it has been named 
prunase and the mandelonitrile glucoside on which it acts is termed 
prunasin. 

“Emulsin’' thus contains two enzymes, amygdalase and pninase, 
which act in turn on amygdalin. It is a remarkable fact that prunase 
is unable to act until the molecule has first been simplified by the 
action of amygdalase : this is taken as proof that the second molecule 
of glucose in some way shields the prunasin part of the molecule 
from attack by prunase. This explains the many unsuccessful at- 
tempts to obtain the disaccharide from amygdalin by means of plant 
enzymes. 

This protective influence does not appear to apply, however, in the 
case of the enzymes present in the intestinal juice of the snail which, 
according to Giaja, are able to hydrolyse amygdalin in the first place 
to beiizaldehyde cyanohydrin and a disaccharide, the latter subse- 
quently undergoing further hydrolysis. The new carbohydrate is 
stated not to reduce Fehling’s solution, that is, it is a disaccharide of 
the trehalose type, but this is obviously incorrect 


14* 
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The amygdalin molecule is exceptional in containing several centres, 
marked X, Y, Z in the formula, 

NC . CHPh . 0 ■ CgHjgOj , 0 . CgH^jOg, 

Z X Y 

totally different in their chemical nature, which are attackable by 
hydrolytic agents; its behaviour is, therefore, of the very greatest 
interest 

Amygdalin yields the same products (glucose, benzaldehyde and 
hydrocyanic acid) when treated with emulsin as when heated with 
dilute hydrochloric acid. In each instance the primary formation of 
^/-mandelonitrile glucoside indicates that the biose junction Y is the 
first point to be attacked. The course of hydrolysis by concentrated 
acids is altogether different (Walker and Krieble). Concentrated 
hydrochloric acid hydrolyses it to amygdalinic acid and ammonia in 
the first place at centre Z ; subsequently, the amygdalinic acid breaks 
down at junction Y to /-mandelic acid glucoside and glucose so that 
junction X is the last point to be attacked. Concentrated sulphuric 
acid has very little tendency to attack the nitrile group at Z, the 
primary action being to eliminate ^f-mandelonitrile. The biose junction 
Y is the point most susceptible of attack by sulphuric acid at all con- 
centrations. Sulphuric acid decomposes benzaldehyde cyanohydrin 
(junction Z) only with extreme difficulty. 

Similarly the biose junction Y proved to be the one to undergo 
fission when hepta-acetyl amygdalin was acted on by hydrogen bromide 
in glacial acetic acid (Zemplen) so that the acetobromo compound of 
the biose could not be obtained. 

In addition to ^f-mandelonitrile glucoside two other glucosides 
having the same composition are known. These are : prulaurasin, first 
described in the amorphous state under the name laurocerasin, and 
since obtained crystalline from the cherry laurel by H6rissey; and 
sambunigrin, separated by Bourquelot and Hdrissey from the leaves 
of the common elder {Sambucus niger). These substances are both 
mandelonitrile glucosides ; their properties are set out in the following 
table : — 

TABLE XIX. 



M.'p. 

Wo. 

Prunasin = dextro mandelonitrile glucoside ^ . . i 

Prulaurasin = racemic mandelonitrile glucoside . 

Sambunigrin = laevo-mandelonitrile glucoside 

i 47 °-i 5 o° 
120^-122° 
151°' 152° 

- 26 9° 

- 527° 

- 76*3° 


^ According to the existing nomenclature /-manddlic acid forms d-mandelonitrile. 
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Dunstan and Henry suggested that the differences between these lay 
in the nature of the sugar residue. This can hardly be the case, as 
they are all three attacked by emulsin, and therefore derivatives of 
^-glucose. 

Prulaurasin is, in fact, a racemic mixture of the two stereoisomeric 

and /-mandelonitrile jS-glucosides, and is analogous to isoamygdaliii, 
the racemic form of amygdalin, which was first prepared by the action 
of alkali on amygdalin by Walker and subsequently studied by Dakin ; 
it yields inactive mandelic acid when hydrolysed by acids ; indeed, 
prulaurasin is obtained by acting on isoamygdalin with yeast extract — 
amygdalase (Herissey). Sambunigrin is the jS-glucoside of /-mandelo- 
nitrile and derived from a still unknown isomeride of amygdalin. 
Prulaurasin is obtained from either of the other two isomerides, when 
their aqueous solutions are rendered slightly alkaline. It is remark- 
able that both forms of mandelonitrile glucoside should be present 
in a plant and quite likely that the mixture was formed in the process 
of extraction. 

The true relationship of these glucosides was first established by 
Caldwell and Courtauld, and their conclusions have been entirely con- 
firmed by Bourquelot and H6rissey. More recently ^-mandelonitrile 
glucoside has been discovered as a natural product, so that all three 
isomerides must play some part in plant economy. Herissey found 
it in the young branches of Cerasus Padus ; Power and Moore have 
obtained it from wild cherry bark {Prunus serotina). It has been 
named prunasin. 

Fisher finds that whereas the salts and amide of ^/-mandelic acid are 
not hydrolysed by emulsin, the nitrile is attacked : whereas with /-man- 
delic acid, salts and nitrile are attacked. He considers that it is very 
probable that under the influence of emulsin both nitriles are converted 
into the common tautomeric form, 

. 0 . CH(CftH5) . CN CeHiiOg . 0 . CfCgHs) : C : NH 

the carbon atom losing its asymmetry : it is this which is hydrolysed. 

The kernels of the cherry laurel contain as much as 4 per cent of 
amygdalin : this plant, like most others, stores a more elaborate pro- 
duct in its seeds than is present in the leaves. 

The inter-relationship of these compounds is indicated in the ac- 
companying scheme. Possibly the unknown isomeride of amygdalin 
will also be found in the plant : — 



214 


THE CARBOHYDRATES AND THE GLUCOSIDES 


Amygdalin 



Isoamygdalin 



Unknown 


Amyg 


dalase 


PrunavSin 

J-mandelonitrile gliicoside 
(ex. ^-mandelic acid) 


Amyg 


dalass 


Sambunigrin 

= /-mandelonitrile glucoside 
(ex. d-mandelic acid) 




Prulaurasin 
= t/Z-mandeionitrile 
glucoside 


The synthesis of the mandelonitrile glucosides has been success- 
fully carried out by Fischer and Bergmann, who obtained the acetylated 
glucoside of ethyl mandelate in racemic form by treatment of the 
synthetic ester with acetobromoglucose and silver oxide in the con- 
ventional manner. A methyl alcoholic solution of ammonia transformed 
the ester into the corresponding glucosidic amide, and this was resolved 
into its pure optically-active forms by fractional crystallisation. The 
individual forms were converted by the action of phosphorus oxy- 


chloride into the tetra-acetyl derivatives of d- and /-mandelonitrile gluco- 
sides, which were, of course, identical with the tetra-acetates of prunasin 
and sambunigrin respectively. 

On removal of the acetyl groups by hydrolysis racemisation sets 
in, and the product was found to be r-mandelonitrile glucoside, 
or prulaurasin. The synthetic racemic glucoside was resolved by 
fractional crystallisation into ^/-mandelonitrile glucoside ^ (prunasin) 


and /-mandelonitrile glucoside (sambunigrin). 


Cyanophoric Glucosides. 

Hydrocyanic acid has frequently been isolated from plants, but it 
is only quite recently that its formation has been ascribed invariably to 
the decomposition of a glucoside. Besides amygdalin and the isomeric 
mandelonitrile glucosides a number of other glucosides have been 
isolated, which yield hydrogen cyanide when hydrolysed; they are 
conveniently grouped together under the term cyanophoric glucosides. 
Although rare compared with the occurrence of saponin in plants the 
distribution of hydrogen cyanide is proving much wider than was at 
one time imagined ; its production has been observed in many plants of 
economic importance A useful list of plants which yield prussic acid 

^Fischer uses the inverse notation, deriving the glucosides from d- and Z-mandeHc 
ac'd.s and not from their nitriles. 
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has been compiled by Greshoff and more recently by Rosenthaler 
who enumerates 360 varieties in 148 species and 41 families, particular 
reference being made to the distribution of the acid in the various 
parts of the plant. Generally the presence of alkaloids and ethereal 
oils appears to be incompatible with the presence of hydrocyanic acid. 
Some of the cyanophoric glucosides may be briefly mentioned ; — 

Dhurrin, first isolated by Dunstan and Henry from the leaves and 
stems of the great millet, is a /u:fa:-hydroxymandelonitrile glucoside, 
and therefore closely related to the three mandelonitrile glucosides 
just described. Like them it is hydrolysed by emulsin. 

Gynocardin, isolated by Power from the oleaginous seeds of Gyno- 
cardia odorata, yields prussic acid, glucose and an unknown substance, 
C5H8O4, on hydrolysis. It is accompanied in the seeds by an enzyme, 
gynocardase, which also decomposes amygdalin. 

Linamarin or Phaseolunatin, QHuO, . O . CMe.^ . CN, was first 
isolated by Jorissen and Hairs from young flax plants and subse- 
quently by Dunstan and Henry from Phaseolus lunalus. The latter 
authors considered it to be acetonecyanohydrin-a-glucoside, but it has 
since been shown to be a derivative of y 3 -glucose. Hydrogen cyanide 
and acetone have been obtained from a number of plants on hydrolysis 
and possibly linamarin is widely distributed. It is the glucoside in 
the seeds of the rubber tree, Hevea brasilknsis. The glucoside is 
accompanied in plants by a specific enzyme linase which has been 
fully investigated by Armstrong and Eyre. Phaseolus lunatus con- 
tains two enzymes— an emulsin which, however, according to Dunstan 
is without action on phaseolunatin and an enzyme of the maltase type 
which hydrolyses both phaseolunatin and amygdalin, forming man- 
delonitrile glucoside in the latter case. It is perhaps identical with 
the amygdalase described by Caldwell and Courtauld. 

Linamarin has been synthesised by Fischer and Anger from ^- 
acetobromo-glucose thus confirming its structure as a glucoside. The 
acetobromo glucose condenses with ethylhydroxyisobutyrate to ethyl- 

tetracetyl-glucoside-a-hydroxybutyrate, 

(OAch . CjH^Os . 0 . CM% . COjEt, 

which is extremely slowly hydrolysed by emulsin. Ammonia con- 
verts it into a-hydroxybutyramideglucoside, 

CsHnOj . O . CMca . CO . NH.„ 

whilst on treatment with phosphorylchloride it yields tetracetyl hna- 
marin. 

Lotusin, discovered by Dunstan and Henry in Lotus arabtms, is of 
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interest for two reasons. Like amygdalin it gives rise to two mole- 
cules of glucose on hydrolysis and therefore probably contains a 
disaccharide. The other products of hydrolysis are prussic acid and 
lotoflavin — an isomeride of fisetin. In the alkaline hydrolysis one of 
the glucose residues is obtained as heptagluconic acid, indicating that 
the cyanogen radicle is associated with the sugar residue. Lotusin is 
not hydrolysed by almond emulsin but it is resolved by an enzyme 
(lotase) which accompanies it, but as this also decomposes amygdalin 
and salicin it probably contains emulsin. 

Vidanin has been found only in the seeds of a wild vetch Vida 
angustifoUa. It is decomposed by an enzyme (vicianase) present in 
certain vetches, into hydrogen cyanide, benzaldehyde and a disaccharide, 
CiiH^oOio, vicianose, which is hydrolysed further by the emulsin of 
almonds into glucose and /-arabinose (Bertrand). Accordingly, vici- 
anin represents amygdalin in which one molecule of glucose is re- 
placed by arabinose. 

A common grass, Tridens jlavens^ contains a considerable amount 
of hydrogen cyanide, the maximum quantity being present in the 
inflorescence tops. The quantity diminished from August onwards, 
being nil in October. 


Saponins. 

The saponins are a numerous, widely-distributed class of glucosides 
found in a great variety of plants; they are known to be present 
in more than four hundred plants belonging to about fifty different 
orders, and of these about fifty have been studied and the f saponins 
isolated. 

Their most characteristic properties are the production of a soapy 
foam on mixing with water, and their toxicity, especially to cold- 
blooded animals such as frogs and fishes ; these were recognised as 
characteristics of the plants containing them in very early times, for 
example, by the Greeks. 

All the saponins have many characteristics in common. Physically 
they are white or cream-coloured powders, in most cases colloidal 
and only dialysable with great difficulty, although recently several 
crystalline members of the group have been discovered. To the latter 
class belong several of the digitonin glucosides, parillin, sarsasaponin 
and cyclamin. 

They are soluble in water, giving clear solutions which froth 
strongly on agitation, form emulsions with oils or resins, prevent the 
deposition of finely divided precipitates, and occlude electrolytes and 
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also many soluble dye-stuffs. The saponin of soapwort (Sapmaria 
officinalis)^ for example, in its colloidal form gives a blue adsorption 
compound with iodine, although the crystalline constituent does not 
(Barger and Field). In general the saponins are insoluble in ether, 
benzene, chloroform, and cold ethyl alcohol, but freely soluble in hot 
alcohol. 

They possess a very bitter, acrid taste, and the dust of the powdered 
saponins is very irritating and sternutatory. As already mentioned, 
they are strong poisons to fish, the action here being of a chemical 
nature; on the other hand, they possess haemolytic action of a more 
physical type, occluding the red corpuscles of the blood. The more 
poisonous saponins are referred to as sapotoxins. 

The saponins may be broadly divided, from a chemical standpoint, 
into neutral and acid saponins. Formerly they were classified accord- 
ing to their formulae, the earliest members which were studied forming 
an homologous series of the general formula, gO^o (sometimes 

termed, after its discoverer, Robert’s series). Subsequently other 
saponins were found to belong to a similar series, whilst 

more recently other glucosides, the properties of which entitle them 
to be classified as saponins, have been isolated and do not fall in 
either homologous series. 

On hydrolysis the saponins yield a variety of sugars (frequently 
several molecules of carbohydrate), and physiologically active sub- 
stances termed sapogenins ; the latter have not as a rule been 
thoroughly examined, but are often ^compounds of a polyhydroxy- 
lactone nature. The sugars found to exist in combination with the 
sapogenins vary, glucose, galactose and arabinose being the more 
common, whilst more rarely other pentoses and fructose are obtained. 

All saponins form poisonous additive compounds with cholesteroL 

Many sapogenins, such as those from guaiacum, saponaria, and 
digitonin give terpene oils when distilled in hydrogen with zinc dust 
(van der Haar). 

The saponins are isolated from the root, leaves, seed, etc., of the 
plants by extraction with water and precipitation with neutral or basic 
lead acetate respectively, according as the saponin is acid or neutral. 
The precipitate is decomposed, and the solution evaporated, the residue 
being extracted with chloroform and precipitated by ether. 

Some of the more interesting saponins will now be briefly dis- 
cussed. 

Saporubrin, is a sapotoxin found in the root of the 

soapwort, Saponaria officinalis ; on hydrolysis it gives a series of 
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products, shedding one molecule of sugar at a time, until finally the 
sapogenin, C14H22O2, is obtained. 

Levant sapotoxm, H20)2, is very similar to saporubrin 

; § and occurs in the roots of Gypsophila arrostii or G. paniculata ; it hy- 

r drolyses to four molecules of sugar (glucose and galactose) and a sapo- 

genin CioHigOg- When gypsophila saponin is heated with dilute 
sulphuric acid a compound prosapogenin is obtained, which when 
i heated with 2 per cent, sulphuric acid under pressure gives a mono- 

basic ketonic acid, C24H3P5, also a sapogenin (Rosenthaler and 
Strom). 

Sarsaparilla glucosides. — Sarsaparilla, the dried root of smilax 
species, contains a mixture of saponins, amongst which are : — 

Parillin, C26H44O10, which hydrolyses to two sugars and parigenin, 
C28H45O4 ; a phytosterolin, CggHsgOg, which gives glucose and a sitos- 
terol on hydrolysis; sarsasaponin, C44H7g02o, /HgO, crystals hydrolys- 
ing to three molecules of glucose and sarsasapogenin, 

I and stnilacin or smilasaponin (von Schulz), which is not a homogeneous 

i substance, according to Power and Salway. 

'I i Qmllaic add^ and Quillaia sapotoxin, Ci^HagOioj are 

. respectively non-poisonous and poisonous constituents of the glucosides 

N ^ present in the bark of Quellaja saponaria. They are amorphous. 

I Agrqstemma sapotoxin, (Ci7H2g04())2, is a yellowish-white, highly 

\ ' “ poisonous amorphous glucoside found in the corncockle {Lychnis or 

I Agrostemma githago') ; it is hydrolysed to four molecules of sugar and 

'j a sapogenin, ^ 

I I Digitonin and Digitosaponin^ the saponin glucosides of the foxglove 

{Digitalis purpurea) have already been mentioned with the other 
digitalis glucosides. 

The hederins or saponins of the ivy {Hedera helix') have been investi- 
gated by van der Haar and classified provisionally as a- and 
hederins, crystalline saponins insoluble in water, 7-hederin, amorphous 
glucosides insoluble in water, and A-hederin, the saponins soluble in 
water. At present only the a-hederin has been identified as an in- 
dividual ; it is a "crystalline substance C42HggOn, hydrolysing to 
arabinose, rhamnose and a-hederogenin, C34H5QO4, a dihydroxylic 
^ - lactone. 

The polysciasaponins occurring in Polyscias nodosa have been studied 
by the same worker, who has separated them by fractional precipita- 
tion into at least two individual members, a-polysciasaponin, C22H3QOia, 
and A-polysciasaponin, C25H43O10. Both are white amorphous pow- 
ders, which hydrolyse to one molecule each of arabinose, glucose and 
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a sapogenin, a saturated lactone containing neither hydroxyl^ 

methoxyl, nor ethoxy 1 groups. 

Other members of the group which may be cited are : — 

' Caulosaponin, C5iHs80i7, and Caulophyllosaponin, two 

crystalline saponins found by Power and Salway in CaulophfUum 
thalictroides ; Jegosaponin^ from Styrax japonica, in which it 

occurs as a crystalline calcium salt: it gives on hydrolysis glucose, 
glycuronic and tiglic acids and a mixture of two sapogenins, 
and C33H52O7 ; and two saponins, and from Yucca 

angustifolia and F. radiosa respectively. 



CHAPTER X. 


THE SYNTHETIC GLUCOSIDES. 

Several of the natural glucosides have been prepared synthetically, 
and by similar methods the corresponding glucosides of a variety of 
substances can be obtained. The starting-point for the synthesis of 
the natural glucosides was the crude acetochloro glucose prepared by 
Colley (1870) by the action of acetyl chloride on glucose. Michael 
(1879) coupled this with the potassium salt of phenols, preparing in 
this manner phenyl glucoside, helicin, salicin and methylarbutin ; 
Drouin by the same method obtained the glucosides of thymol and 
a-naphthol. Fischer in 1893 obtained the alkyl glucosides from 
acetochloro glucose, but they are more easily prepared as described in 
Chapter I. 

Following the discovery of the crystalline a- and j8-acetochloro 
glucoses attempts were made to extend and improve Michael’s syn- 
thetical method, but were only successful in the case of the jS-com- 
pound. As already mentioned, the a-acetochloro glucose in presence 
of alkali undergoes isomeric rearrangement to the j8-acetochloro glucose, 
and accordingly jS-glucosides result instead of a -glucosides. 

Most of the glucosides synthesised have been prepared from the 
non-saccharide constituent and acetobromoglucose in presence of silver 
oxide. Fischers most recent directions for the production of j8- 
acetobromoglucose have been given previously on pp. 17, 18. Other 
synthetic glucosides have been derived from triacetylbromoglucosamine 
by Irvine and his co-workers, whilst a third and important group of 
syntheses is that effected, notably by Bourquelot, by means of 
enzymes. 

The experimental methods available make it possible to synthesise 
almost any desired glucoside, especially since Fischer has shown how 
it is possible to obtain synthetic glucosides of the a series. In conse- 
quence, a variety of materials become available for the more exact 
study of the selective action of enzymes and the physiological activity 
of substances in combination with sugar. 

220 



THE SYNTHETIC GLUCOSIDES 


221 


The influence exercised by the non-sugar group on the stability of 
the glucoside and on its optical properties can also be studied. 

The idea that glucosides are uniformly more reactive physiologi- 
cally than the parent substances has not been well maintained 

The synthetic purine glucosides, also prepared by Fischer, may 
prove of medicinal as well as of scientific interest ; they were obtained 
by the action of compounds of the type of j3-acetobromoglucose upon 
the silver derivatives of the purines ; glucosides, galactosides, and 
rhamiiosides of adenine, guanine, hypoxanthine, theobromine and 
theophylline having thus been made. By condensation with phos- 
phoric acid these compounds would be expected to produce synthetic 
nucleotides, and this was in fact attained when theophylline glucoside 
was treated with phosphorus oxychloride in pyridine solution, the 
product being a hydrated theophyllineglucosidophosphoric acid : — 

[C,HAN, - C,HA - HPOJ, 2H,0 

Purine Glucose Phosphoric 

residue residue acid residue. 

The method of production of the purine glucosides has been 
patented by Bayer & Co. 

Another synthetic nitrogenous glucoside is that of morphine 
(Mannich). 

Interesting j8-glucosides obtained by this method are those of 
menthol and borneol ; they represent the first synthetical terpene 
glucosides, and are closely allied to the terpene glucuronic acid com- 
pounds. Similar glucosides include those of geraniol and cyclohexanol 
(Fischer and Helferich), and of citronellol, camphene, dihydrocarveol, 
fenchyl alcohol, terpineol, m-terpene, sabinol and santenol (Hama- 
lainien). 

The ;8-glucosides of cetyl alcohol, glycollic acid, glycol (Fischer), 
menthol maltoside (E. and H. Fischer), and benzyl galactoside (Unna) 
have also been synthesised. 

Salway has synthesised the similar ceryl and myricyl glucosides, 
and those of sitosterol arid cholesterol ; a contemporaneous investiga- 
tion by Power and Salway showed that a number of natural compounds 
previously assumed to be phytosterols were really glucosides (phyto- 
sterol ins). Amongst these were ipuranol, from olive bark {Jpotncea 
purpurea), etc., citrullol, found in colocynth and Euonymus atropurpur- 
eum, bryanol in bryony root, and cluytianol from Taraxacurn. 

Mauthner has synthesised glucovanillic acid, gluco-/-hydroxy- 
benzoic acid, and other phenolcarboxylic acid glucosides, employing 
their methyl esters in the condensation with acetobromoglucose. He 
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has also prepared some of the gluco-hydroxy aceto- and benzo-phen- 
ones, the /-hydroxyacetophenone derivative being found naturally in 
pine needles, and known as picein (Tanret). 

The glycosides of phloroglucinol, resorcinol, and 2.4. 6-tribromo- 
phenol were obtained by shaking an ethereal solution of acetobromo- 
glucose with the alkaline solution of the phenols ; the first mentioned 
is identical with the glucoside obtained from phloridzin by Gremer 
and Seuffert and is capable of inducing diabetes (Fischer and Strauss). 

Glycosides with long side-chains have been prepared by Bargellini 
by condensation of helicin and similar glycosides with different 
hydroxyketones, for example, with /-hydroxy acetophenone, when the 
compound 

CgHiiOg . O . CeH4 . CH ; CH . CO . C6H4 . OH 

is formed. 

These glycosides are stated not to be hydrolysed by acids and also 
not to be resolved by emulsin and therefore to belong to the a series. 
Since helicin is a jS-glucoside this conclusion cannot be accepted and 
it is more probable that the long side-chain profoundly alters the pro- 
perties of the glucoside. 

Acetobromoglucose interacts with the silver salts of organic acids 
(Karrer) to form glucosides which are really acetylated glucose salts 
of the acids. The acetyl radicles could not be eliminated without at 
the same time removing the organic acid group so that the influence 
of the glucose molecule on the physiological activity of the acids em- 
ployed could not be observed. 

Karrer and Hurwitz have synthesised a jS-glycerol glucoside of 
known constitution, in which the sugar residue is attached through a 
primary alcohol group, by combining acetobromoglucose with ^k^^pro- 
pylidene glycerol and subsequent careful hydrolysis. The product is 
hydrolysed by emulsin and is identical with that obtained by Bour- 
quelot and others from glycerol and glucose by means of emulsin. 

Irvine and Hynd have prepared a-aminohelicin and a-aminosalicin 
by condensing salicylic aldehyde and saligenin with triacetylbro mo- 
glucosamine in presence of morphine, morphine glucosamine appearing 
as a by-product. An aminomethylglucoside, different from that ob- 
tained by the action of ammonia on bromomethyl glucoside (Fischer 
and Zach), was prepared by the same workers from triacetylbromo- 
glucosamine and methyl alcohol. 

A new modification of the glucoside synthesis consists in warming 
acetobromoglucose with phenol in the presence of quinoline. During 
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this process a rearrangement takes place and a mixture of a- and 
^-phenol glucosides is formed, which are separated by crystallisation 
from carbon tetrachloride. The a-phenol glucoside behaves normally 
in that it is hydrolysed by maltase but not by emulsin ; acids, however, 
hydrolyse it nearly twice as quickly as the jS-isomeride (see p. 141). 

The method has been extended to menthol, and a- and ^-menthyi- 
glucosides so obtained. The former is very sparingly soluble in water 
and easily isolated, as much as 50 per cent, being obtained from 
^-acetobromoglucose. It is thus the easiest synthetic cyclic-a-glucoside 
to prepare and will be of interest for physiological studies. The a- 
and ^-menthylglucosides behave normally towards maltase and emulsin 
and in this case the jS-isomeride is somewhat the more rapidly hydro- 
lysed by acids. 

This synthesis of a-glucosides is of the utmost importance, as 
hitherto it has been impossible to obtain them owing to the fact that 
a-acetochloroglucose gave rise to jS-compounds. The synthetic a- 
glucosides will allow of the further 'study of the influence of the 
arrangement of the grc5ups on optical properties, resistance to hydro- 
lysis by acids, etc. 

It is of interest, further, that quinoline effects the rearrangement of 
the groups on carbon i, whereas in the case of the transformation of 
gluconic into mannonic acid the groups attached to carbon 2 are 
effected. 

a-Mannosides and a-rhamnosides have been prepared by interaction 
of the anhydro compounds obtained from glucol and rhamnol with 
alcohols. 

Great interest attaches to the synthesis of the glucosides contain- 
ing hydrogen cyanide. As described in the previous chapter Fischer 
has synthesised the natural glucosides derived from and /-mandelic 
acid and also linamarin, and the method will doubtless be extended to 
give synthetic material for the study of the many interesting chemical 
and physiological problems presented by these glucosides. 

An example of such compounds is glyconitrile - - glucoside, 
CeHiiOg . O . CH2 . CN, [a]o - which is hydrolysed by emulsin 
with difficulty. The corresponding glyconitrile-^-celloside [a]^ - 29*^ is 
hydrolysed by emulsin with comparative ease giving hydrocyanic acid 
and glucose. 

Synthetic Sulphur Glucosidea 

Ethylthiomercaptal — 

SEt 

. CH^COH) . tCH . OH). . 
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when treated with one molecule of mercuric chloride loses one mer- 
captan residue only and ethylthio-glucoside is formed : — 

1 ^ 1 

CH2(0H) . CH(OH) . CH . (CH . OHj^ . CH . SEt 

This crystallises in silky needles, m.p. 15 *3 % Wd + i20-8° It 
tastes bitter, does not reduce Fehling’s solution and is hydrolysed by 
acids but stable towards alkalies. No indication is given whether a 
second isomeride is formed at the same time. When excess of 
mercuric chloride is employed the mercaptal is reconverted into 
glucose. 

By the interaction of jS-acetobromoglucose and the potassium salt 
of thiophenol, j8-thiophenol glucoside, CgHgS . CgHnOg, has been 
obtained. This is not hydrolysed by emulsin and is very resistant 
towards hydrolysis by dilute acids. Analogous compounds have been 
made by Schneider and co-workers from the silver salts of thioure- 
thanes, the products having the general formula— 

R . N.: C(OC^H ,) . S . CgHnOg 

The products are amorphous and the acetyl free glucosides very 
easily undergo further hydrolysis into urethanes, R . NH . COgEt, 
and thioglucose which is readily isolated in the form of its silver salt. 
Decomposition also takes place in another way to form thiourethanes 
and glucose. This latter decomposition is met with in the case of the 
natural mustard oil glucosides, and phenylthiourethaneglucoside oc- 
cupies an intermediate position between these and the aliphatic thio- 
urethanes. 

Myrosin is without influence on the synthetic thioglucosides. 

Enzyme Synthesis of Glucosides. 

The subject of the synthesis of glucosides by means of enzymes 
belongs properly to the monograph on enzyme action, and therefore 
only certain limited aspects of the question will be considered here. 

Whereas in dilute aqueous solution the hydrolysis of say yQ-methyl- 
glucoside by emulsin is complete, hydrolysis is retarded by the presence 
of increasing amounts of methyl alcohol, until in presence of a certain 
proportion of alcohol the enzyme is able to synthesise glucoside from 
glucose and the alcohol. Definite proof that in this, simple case the 
same glucoside is synthesised as is hydrolysed is afforded by its isola- 
tion in a pure state. Hence the reaction — 

glucoside + water ^ glucose + methyl alcohol 
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is reversible and Bourquelot, to whom the development of this subject 
is primarily due, has proved that the ordinary physico-chemical laws 
governing such reversible reactions apply here also. For example, 
the rates of hydrolysis and (synthesis are the same and the same equi- 
librium is reached from both directions. The temperature limits of 
these reactions and the proportions of the various alcohols which can 
be used without destroying the activity of the enzyme have been de- 
termined. Yeast extract, Le. maltase, effects the synthesis of a-methyl- 
glucoside or galactoside. Emulsin and also Kephir lactase are able to 
produce jS-methylgalactoside. 

The reaction h%s also been extended successfully to other alcohols, 
the enzyme being allowed to act on sugars dissolved in alcohols con- 
taining varying amounts of water or acetone. In this way ci^^stalline 
glycol, glycerol, geranyl and cinnamyl-jS-glucosides and alkyl and 
benzyl galactosides have been obtained by means of emulsin : some 
of these had not been induced to crystallise when made by other 
methods. These synthetic glucosides are hydrolysed by emulsin. 
Latterly many other alcohol glucoside? have been prepared in like 
manner, for example, those of the terpene alcohols : these, it will be 
remembered, are transformed into glucuronates in the animal system. 

In these syntheses the enzymes are not in true solution but are 
acting as colloids in virtue of their surface. The work more particu- 
larly of Armstrong has shown that enzymes are very active hydrolyti- 
cally even when quite insoluble in the medium employed. Thus finely 
ground leaf material, prepared by protracted autolysis and frequent 
washing with water, and therefore divested of all soluble matter, was 
very active towards salicin and other glucosides. 

Similarly emulsin is capable of synthesising and^ hydrolysing 
jS-glucosides in a neutral liquid such as acetone in which it is com- 
pletely insoluble. 

As showing the applicability of the Bourquelot synthesis a-meth> 1 - 
mannoside is obtained by the action of an enzyme, seminase, present 
in germinated seeds of lucerne, on a solution of mannose in 10 per 
cent methyl alcohol. This particular enzyme is the only one which 
at all actively attacks a-methylmannoside with the usual exception o 
Aspergillus niger. 

According to Bourquelot and Herissey seminase, ^ when "ept in a 
concentrated aqueous solution of mannose converts it^ in part into a 
disaccharide having a higher optical rotation : it was iso ate on y 111 

an impure state. , ' . 

In 75 per cent by weight propylalcohol solution ga actose is 

15 
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converted in presence of emulsin into jS-propylgalactoside to the extent 
of So per cent. 

The view that synthesis and hydrolysis are effected by different 
enzymes, though not overlooked by earlier workers, has been brought 
into prominence by the experimental work of Rosenthaler. Emulsin 
in presence of hydrogen cyanide and benzaldehyde brings about the 
formation of optically active benzaldehyde cyanohydrin, a substance 
which it also hydrolyses. Saturation of the enzyme solution with 
magnesium sulphate or half-saturation with ammonium sulphate pro- 
duces a precipitate which is soluble in water. The filtrate has no 
synthetic activity, but is able to effect hydrolysis as before ; the pre- 
cipitate possesses synthetic activity and some hydrolytic activity. It 
is considered by Rosenthaler that emulsin consists of two distinct 
enzymes, one promoting synthesis, the other causing hydrolysis of 
benzaldehyde cyanohydrin. 

Rosenthaler records the formation of dextrorotatory nitriles by the 
action of hydrogen cyanide in the presence of emulsin on certain alde- 
hydes, the optical value attaining a maximum and then diminishing. 

It must not be overlooked that enzymes as we know them are 
mixtures of several, often closely related, enzymes. Subtle differ- 
ences exist between different preparations, as is shown by Krieble’s 
observation that an emulsin which produced /-mandelonitrile from 
amygdalin, two years later produced the d variety. It is suggested 
that two synthetic enzymes are present in emulsin and act on 
benzaldehyde and hydrocyanic acid to produce the d- and /-nitrile 
respectively, the latter enzyme being less stable. 

Krieble also states that the emulsin from sweet almonds produces 
the /-nitrile and that from bitter almonds the ^/-nitrile. An enzyme 
converting benzaldehyde and hydrogen cyanide into ^-mandelonitrile 
is present in the leaves and bark of Prunus serotina^ which it will be 
remembered contains prunasin, the glucoside of this nitrile. From 
the leaves of the elder, which contains sambunigrin, no optically 
active compound was obtained. Emulsin, as just indicated, forms the 
racemic nitrile and also an excess of one of the optically active forms. 

An interesting synthesis of salicin and other glucosides is that 
studied by Ciamician and Ravenna. When plants — well-grown maize 
plants were chosen — are inoculated with glucosides or their aromatic 
products of hydrolysis a reversible change takes place resulting in a 
chemical equilibrium. Salicin is in part hydrolysed, saligenin in part 
transformed into salicin, the final ratio in the full-grown plant of com- 
bined to free saligenin being i : 2. Qn taking a large number of 
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plants it was possible to isolate the salicin synthesised in this manner. 
Confirmation of this work appears desirable. 

It is suggested by Ciamician and Ravenna that the absorption by 
both adult and germinating plants of certain aromatic compounds 
leads to the formation of the corresponding glucosides in the plants. 
Thus maize and beans when treated with weak saligenin solutions 
form salicin. 


« 


^5 


CHAPTER XL 


THE FUNCTION OF CARBOHYDRATES AND GLUCOSIDES IN PLANTS. 

Carbohydrates are of fundamental importance in plants : quite 
apart from the process of assimilation in which starch is formed, the 
carbohydrates and more particularly their glucosidic derivatives are 
now recognised as playing an all essential part in other physiological 
processes. Sufficient space is not available in the present monograph 
for more than a brief indication of some of the more developed branches 
of this field of inquiry, in which work is now being done in many 
directions. 

The last few years have witnessed great progress in the novel in- 
terpretation of the function of glucosides as a means of keeping dor- 
mant substances of great importance in the metabolism of the plant 
until the precise moment at which they are required. The so-called 
respiratory and anthocyanin pigments are derived from glucosides, 
likewise many perfumes. Similarly a large class of substances, which 
are capable of acting as hormones and giving a very delicate but 
directed stimulus to plant metabolism, are constituents of glucosides. 

Since any particular glucoside is only hydrolysed by its specific 
enzyme, the supply of these materials for whatever purpose they are 
required is regulated by a very sensitive control. The glucoside- 
enzyme systems are to be regarded as constituting a controlling 
mechanism for plant metabolism. 

Significance of Glucosides. 

Opinions are divided as to the real significance of glucosides in 
plant economy. Probably they are of use to the plant in a variety of 
ways, and no one explanation will cover the functions of all the mem- 
bers of the group. 

In most, if not in all cases, the glucosides are accompanied by 
appropriate enzymes which are able to hydrolyse the glucoside. 
Enzyme and glucoside do not exist in the same cells as normally there 

2^8 
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is no decomposition. They are brought together should the cellular 
structure be damaged and in some instances during germination. 

In the cherry-laurel, according to Guignard, ‘^emulsin” exists in 
the endodermis ; in the almond, it is found in the axis of the embryo 
in the pericycle which lies immediately under the endodermis, and in 
the cotyledons in both the endodermis and the pericycle. Bourque- 
lot, who prepared both glucoside (gaultherin) and enzyme from the 
stems of Monotropa, showed they are not present in the same cells. 

The earliest investigations of this nature are due to Marshall Ward 
The fruits of the Persian berry {Rhamnus infectorius) contain a gluco- 
side known as xanthorhamnin, which, when hydrolysed, yields 
rhamnetin and the two sugars rhamnose and galactose. Marshall 
Ward and Dunlop showed that the seeds contain an enzyme, termed 
rhamnase, capable of hydrolysing the glucoside; this is confined to 
the raphe of the seed, which is composed of parenchymatous cells 
containing a brilliant oily-looking colourless substance. When the 
pulp or an extract of the pericarp of the fruit is digested with an ex- 
tract of the seeds a copious yellow precipitate of rhamnetin is formed 

In very many cases glucosides function as reserve materials, and 
when required they are hydrolysed by the accompanying enzyme and 
pass into circulation. ® 

It would appear that the glucoside stored in the seed is often of 
a more complex character than that present in the leaves of the same 
plant, containing more than one sugar or two molecules of the same 
sugar in its molecule, whereas the leaf glucoside is a simple one. A 
special enzyme is required to hydrolyse it which is present only in the 
seed and absent from the leaf. 

Thus the seeds of Prunus species contain amygdalin together with 
the enzymes, amygdalase and prunase, required for its complete hydro- 
lysis ; the leaves contain mandelonitrile glucosides and prunase but no 
amygdalase. Complex glucosides are present in the seeds of other 
plants, as indicated in the previous chapter. 

Anaesthetics such as chloroform or ether are well known to have 
a remarkable action on plants in stimulating growth. Of the deepest 
significance in this connection is Guignard*s observation that exposure 
of living plants to the action of anaesthetics brings about interaction 
between the glucoside and the corresponding ferment. Mustard oil is 
formed from the leaves of certain cruciferae, hydrogen cyanide from 
laurel leaves and other cyanophoric plants, when submitted to the 
action of chloroform. The same phenomenon is brought about by 
exposure to extreme cold 
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The investigations of H. E. and E. F. Armstrong have shown 
that a variety of substances, having the property in common that they 
have but little affinity for water, are able to penetrate the walls of 
certain plant cells. As a consequence alterations in equilibrium are 
set up within the cell, and changes are induced which involve altera- 
tion of the concentration and the liberation of hydrolytic enzymes. 

The general name hormone has been applied to substances which 
are active in this manner : it has been shown that the group includes 
not only carbon dioxide but materials such as hydrogen cyanide, hydro- 
carbons, alcohols, phenols, ethers, esters, aldehydes, mustard oils, etc., 
all of which are normal products of hydrolysis of the plant glucosides. 
The hormones include most of the substances, which Overton, Lob, 
Czapek and others have classed as solvents of lipoids. 

The result of the liberation of enzymes within the cell will be 
hydrolysis of complex carbohydrates, glucosides, proteins, etc., and the 
materials so formed will be active in still further stimulating change. 
If unchecked, change will proceed until autolysis is complete: in 
practice the intervention of oxydases is made manifest by the appear- 
ance of brown and other pigments. 

It will be seen that the plant cell carries its own hormones or 
activators in an inactive form bound up as glucosides. If for any 
reason during the twenty-four hour period a little of the glucoside be- 
comes hydrolysed, the hormone will be liberated and a very delicate 
stimulus given to the cell to begin down-grade changes such as normally 
take place at night. 

Glucosides and Animal Nutrition. 

The recognition of the potent effect of the constituents of glucosides 
in acting as stimuli and starters of active metabolism may be of im- 
portance in studying the nutrition of animals. It is well known that 
the herbage of one pasture may have the power of fattening an animal 
whereas similar grass on an adjoining field, though equally readily con- 
sumed by the animal, fails to bring it into condition for the market. 

This is especially the case in Romney Marsh, where one field will 
fatten six or eight or more sheep to the acre whereas an adjoining 
field will do little more than keep the sheep in a growing condition. 
Hall and Russell, who investigated this difference in 1912, found that 
the floral type in the two fields was constant but that a leafy habit of 
growth obtained in the fattening field and a stemmy habit in the poorer 
fields^ The ordinary methods of chemical analysis failed to reveal any 
difference either in the herbage or the soils. Since this date much 



CARBOHYDRATES AND GLUCOSIDES IN PLANTS 231 

evidence has accumulated in favour of the importance of quality as 
well as of quantity in animal feeding and the subject is one of the 
greatest importance to agriculturalists. 

Subtle differences between the grasses of these two fields have 
hitherto defied detection, but it is not impossible that the presence or 
absence of certain glucosides or similar constituents may have some 
Bearing on the difference. 

H. E. and E. F. Armstrong have made observations on the be- 
haviour of Lotus corniculatus collected during several years both over 
Great Britain and a greater part of Europe. Whereas A. cornkulatm 
usually contains a cyanogenetic glucoside and the corresponding 
enzyme, it is established that a botanically indistinguishable form 
exists from which the glucoside is absent. 

Lotus uliginosus, which some botanists regard as a distinct species, 
is free both from the glucoside and the correlated enzyme : it grows, 
as a rule, in damp situations and is distinguished by its rank growth 
and coarse tubular stem. The normal form of L, cornkulatm con- 
tains both glucoside and enzyme, a widely distributed second form 
is rich in enzyme but lacks the glucoside, and a third rare form lacks 
both glucoside and enzyme. 

Lotus ranks rather as a weed than as a fodder plant and is a 
minor constituent of most pastures, but it is of great interest that 
white clover, Trifolium repens^ shows similar differences. Two varieties 
are recognised by seedsmen — the cultivated and wild — of which the 
latter is often said to be the more valuable. The wild variety con- 
tains a cyanogenetic glucoside and the correlated enzyme, whereas the 
cultivated lacks glucoside and has very little enzyme. 

A further example is afforded by linseed cake, which is considered 
superior to all other cakes as a food in bringing cattle into condition. 
Owing to the presence of the cyanogenetic glucoside linamarin in the 
unripe seed a small quantity of hydrogen cyanide is usually to be 
found in linseed cake. 

Glucosides are likely to play a very important part as test- 
materials in the solution of this and many problems of plant chemistry. 
Their non-sugar constituents can frequently be detected with great 
accuracy and delicacy and even localised m situ in the tissue and 
they also can be estimated quantitatively. In this respect the glu- 
cosides which yield hydrogen cyanide on hydrolysis are of particular 
value, more especially as many hundreds of qualitative tests can be 
made in relatively short time. 

In testing for cyanide it is most convenient to make use of stout 



232 THE CARBOHYDRATES AND THE GLUCOSIDES 

glass tubes, about inches long and ^ inch wide, provided with good 
corks. The leaf material having been pushed into the tube, two or 
three drops of chloroform or toluene are added and a slip of moist 
picrate paper is inserted ; the tube is then corked up. It is conveni- 
ently incubated in a waistcoat breast-pocket or in the trousers pocket 
When cyanide is present the paper reddens perceptibly within half an 
hour, as a rule ; to make certain, the test should be prolonged over 
24 hours. To prepare the picrate paper, slips of filter paper about 
f-inch wide are dipped into a solution of 5 grm. picric acid and 50 
grms. sodium carbonate in i litre of water ; after draining the paper, 
it is hung from a pin to dry until it is only just perceptibly moist ; it 
is then cut up into |-inch lengths and stored in a closed tube. It is 
well to keep a piece of the paper in each of the stock of tubes carried, 
so as to make sure that hydrogen cyanide has not been stored up in 
the cork. 

Glucosides may also serve as a method of putting harmful waste 
products out of action: thus phenolic residues are rendered soluble 
by combination with glucose and are transferred osmotically to other 
portions of the plant. 

Bunge has pointed out that very many of the non-sugar constituents 
of glucosides are antiseptic and therefore bactericidal in character. In 
the seeds of plants the reserve stores of food-stuffs form an excellent 
medium for the development of micro-organisms which would rapidly 
spread but for the protective action of the glucoside. In the almond, 
directly the seed is penetrated, the amygdalin is hydrolysed and all 
bacterial action prevented. The universal presence of glucosides in the 
bark of plants may be similarly explained : they ensure an antiseptic 
treatment of all wounds in the integument. 

Easily decomposable substances, such as many acids or aldehydes, 
are protected against oxidation by being transformed into glucosides, 
just as, in the animal organism, similar substances are converted into 
paired glucuronic acid derivatives. 

Glucosides possessing a bitter taste or having poisonous properties 
serve to protect such important organisms as the seeds or fruits of 
plants against animals. In some instances the plant is only poisonous 
at certain stages of its growth. Thus an Egyptian plant, Lotus Arabicus, 
is poisonous in the early stages, but becomes a useful forage when 
allowed to mature : it contains the glucoside lotusin, which yields 
hydrogen cyanide when hydrolysed. 

Glucosides containing acetonecyanohydrin are regarded by Treub 
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as primary material for protein synthesis. Guignard, working with 
phaseolunatin, has obtained no evidence that hydrocyanic acid is liber- 
ated during germination of Phaseolus beans. 

The amount of glucoside present varies considerably in different 
species of the same plant, and varies also according to the time of year. 
It also differs in the male and female plant of the same species. Un- 
fortunately, the material at present available for the discussion of this 
question is very scanty. Jowett and Potter, who investigated the bark 
from thirty-three samples of willow and poplar, found considerable 
variation in the occurrence of salicin. In April the bark from the female 
tree contained about three times as much salicin as that from the male ; 
three months later the conditions were reversed. It is suggested that 
salicin acts as a reserve material ; it is stored away in the winter for 
use in the coming spring, when it is hydrolysed by the accompanying 
ferment, both saligenin and glucose being used by the plant The plant 
is enabled to store in the form of a glucoside a material which it 
can neither tolerate in quantity nor produce at short notice when 
required. Owing to their special functions the reserve is drawn upon 
to an unequal extent by the male and female trees. Taxicatin, the 
glucoside of the leaves and young shoots of the yew (Taxus baccatd)^ 
occurs in greatest quantity in the plant during the autumn and winter ; 
apparently it is utilised in the spring when the young shoots begin to 
assimilate. The cyanophoric glucoside in the leaves of Sambums 
nigra, according to Guignard, seems to fulfil a different function, as its 
amount diminishes only slightly with age, and at the end of the 
vegetative period the glucoside does not migrate to the stems but 
remains in the leaves till they drop off. 

The variations in the composition of the root of the gentian 
during a year’s growth have been studied by Bridel. The gentian 
root contains a glucoside, gentiopicrin, and the carbohydrates glucose, 
fructose, sucrose and gentianose (p. 1 36), the last of which is hydrolysed 
by invertase. The amount of carbohydrate hydrolysed by invertase 
increases from a minimum (1*2 per cent) early in June to a maximum 
(7*8 per cent) in August and then remains constant The amount of 
glucoside (2 per cent) does not vary much ; it increases a little In June 
and July. In May and June gentianose is largely replaced by gentio- 
biose. The sucrose increases from i per cent in July to 4 per cent, 
or more in November: it is absent when growth commences in the 
spring. 

According to Cavazza the amount of tannin in the leaves of forest 
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trees reaches a maximum in September, whereas the amount in the 
twigs shows maxima in July and December and varies inversely as that 
in the leaves. 

A comparison of the amount of glucoside and enzyme in linseeds 
grown under conditions of drought and high temperature with those 
grown under damp and low temperature conditions has been made by 
Collins and Blair. Under the latter conditions the total amount of 
hydrogen cyanide produced falls 20 per cent, but the activity of the 
enzyme increases by a like amount. This is the general effect of 
growing linseed in this country, whereas seeds of oriental origin are 
rich in total hydrogen cyanide. 

Respiration in Plants. 

Carbohydrates and glucosides are concerned likewise in the pheno- 
mena of respiration in plants, during which oxygen is absorbed, carbon 
dioxide given off and the energy necessary for carrying out the life- 
work of the plant liberated. The process of oxidative decomposition 
of food substances is separable into two stages : in the first, alcohol 
and carbon dioxide are produced, as may be demonstrated by allow- 
ing pea seeds to germinate without the access of air. The anaerobic 
process of carbohydrate decomposition, if not identical with, is very 
similar to the alcoholic fermentation of glucose by yeast. 

The second stage in respiration comprises the aerobic oxidation of 
the alcohol produced in the first stage: this is effected, according to 
the present view, by the agency of the respiratory pigments which are 
themselves present originally as glucosides and liberated by hydrolysis. 
No doubt, salts of iron, manganese, etc., play some part in the oxida- 
tive changes, but their precise function is not yet understood. 

Important light has been thrown on the function of the aromatic 
substances in plants and on the existence of enzymes, which act only 
on them, by the researches of Palladia. Following the line of thought 
originated by Reinke, who discovered substances in the plant which, 
under the influence of enzyme (oxydase) and air, gave coloured oxida- 
tion products, Palladia made a systematic search for these respiratory 
chromogens. He supposes them to be cyclic compounds bound to 
carbohydrates in the form of insoluble glucosides. Glucoside-splitting 
enzymes separate the cyclic compounds, which by the aid of the oxy- 
dases are then enabled to take up oxygen from the air to give it up 
again later under the influence of reducing substances. Daring life the 
chromogens normally remain colourless so long as there is a balance 
in the activities of the three types of enzyme concerned, but, on treat- 
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merit with chloroform or other hormones, or after death due to cold 
or injury, the inter-relationship of the enzymes is disturbed and the 
coloured oxidised chromogen becomes evident 

Prochromogen (i.e. glucoside)i + water chromogeii + sugar. 

Chromogen + oxygen respiration pigments. 

The soluble pigments of flowering 'plants— red, purple and blue— 
which are termed collectively anthocyanin by botanists are regarded 
similarly as oxidation products of chromogens of an aromatic nature, 
probably in many cases members of the flavone and xanthone groups 
(Wheldale) : there is little doubt that these colourless chromogens are 
present in the living tissues as glucosides. 

In the flavone glucosides one or more hydroxyl groups are replaced 
by sugar : hence, since the auxochrome group is replaced, the crude 
plant extracts are only pale yellow. On hydrolysis the sugar is split 
off and the colour deepens and a deposit of flavone is formed as the 
glucoside is more soluble than the pigment. Wheldale suggests that 
the reactions involved are in general terms as follows : — 

glucoside + water ^ chromogen (flavone) + sugar, 
chromogen 4- oxygen anthocyanin. 

The evidence in favour of this hypothesis is summarised by Whel- 
dale in her monograph on the anthocyan pigments. 

Everest, however, obtains anthocyanin by cautious reduction in 
the cold of the pigments in a number of pale yellow or white flowers. 
Under these conditions no anthocyanidin is produced and no oxidation 
after reduction is necessary for the production of the anthocyanin 
pigment. 

Combes has found that red leaves of which the coloration is 
attributed to anthocyanin contain proportionately greater amounts of 
glucosides and sugars than green leaves of the same plant ; Kraus has 
proved the same to hold for the aromatic constituents. The evidence 
as to the formation of anthocyanin has been summarised by Whel- 
dale; it is regarded as due to the accumulation of glucosides. Sugar 
feeding increases both the amount of glucoside and of free aromatic 
chromogen. 

The autumnal coloration of leaves is attributed (Overton, Tswett) 
to the same series of changes brought about by the slowing up of the 
metabolic processes of the plant by frost and other influences resulting 
in the disturbance of the enzyme balance. Tannins, for example, 
when set free from their glucoside form by the hydrolytic enzymes, 
yield pigments on oxidation (cf. p. 84). 
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The production of pigment may involve something more than the 
interaction of the aromatic chromogen with the oxydase. Chodat has 
accumulated evidence showing that protein decomposition products, i.e. 
the amino acids or polypeptides, also take part in the reaction, and the 
precise shade of colour produced depends on the nature and quantity 
of these as well as on that of the aromatic compound derived from the 
glucoside. 

The formation of the anthocyan pigments is of great interest from 
the point of view of genetics. The three groups of factors concerned 
are : — 

(1) Actual formation of the pigment. 

(2) Amount of pigment formed. 

(3) Modification of the colour of the pigment. 

For the formation of the pigment two factors, the chromogen and 
the oxidising agent or enzyme, are required. The work of Keeble 
and Armstrong has correlated the distribution of the oxidases with 
that of anthocyan. The amount of pigment formed may be controlled 
by an enzyme liberating more or less from the corresponding glucoside. 
The variation in the colour from red to blue or purple is regarded by 
Willstatter and others as determined by the nature of the accompany- 
ing, substances in the cell sap, but this explanation is not in harmony 
with the biological facts. It is more likely that other substances are 
present, as for example, in centaurea, in which the purple, red and 
blue types contain cyanin’and the pink variety pelargonin. 

Tannins. 

Czapek has summarised the physiological importance of tannins 
now identified as acyl derivatives of glucose. Strecker’s discovery of 
the sugar content of many tannins led to the erroneous conception of 
tannins as ^‘organised reserve matter.'^ Von Schroeder determined 
the amount of tannin in different parts of the tree at different times of 
the year and concluded that tannin was the product of some oxidation 
process which was taking place in the plant In 1884, Kraus and 
Westermaier found that increased illumination of the leaves increased 
their tannin content, and they thought that tannin was not an excretion 
or waste product but played a fundamental rdle in plant development. 
'Moeller advanced the view that the tannins were necessary for the 
migration of carbohydrates as tannin glucosides. Kraus has shown that 
the cessation of the assimilation of carbohydrates interferes with the 
tannin formation, and that the formation of tannins and of sugars in the 
plant are always interdependent. Biisgen has confirmed Kraus’s work 
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showing that leaves exposed to sunlight contain 3-4 times as much 
tannin as leaves in the shade, and that the formation of tannin in these 
shaded leaves can be stimulated by the artificial introduction of sugar. 
He looks upon tannins as ‘‘building material » as instanced in their 
disappearance from young cork cells. This disappearance may be due 
to the tannins having become insoluble. Some tannins are mobile in 
the plant, others are stationary. Tannins can be precipitated in the 
cells of a plant without injury to the plant. No tannin is formed in 
the absence of chlorides. Tannins are often formed in conjunction 
with dyes. The accumulation of tannins in living and dead peripheral 
tissues has led to the conception of tannins as a protection against 
animal attack. Microscopical research has shown that tannins are 
sometimes dissolved in the cell sap and sometimes present as oily drops. 
Tannin vacuoles are formed in the meristem tissue only ; their contents 
are looked upon as excreta. 

Carbohydrates and the Enzyme Balance. 

In dealing with carbohydrate metabolism in plants there is abun- 
dant evidence that a very delicate balance exists between the various 
enzymatic processes which take place simultaneously, leading, it may 
be, to the building up of starch or to the transference of a glucoside 
into anthocyanin. 

It is obvious that the introduction from without of agencies which 
will affect this balance will have a more or less profound influence in 
altering the changes which take place. 

One of the most delicate means of regulating the balance is that 
afforded by change of temperature. A rise or fall in the temperature 
does not influence all enzyme reactions alike — for example, some are 
retarded by cold much more than others. 

A typical case is that afforded by the potato tuber during storage 
(Mtiller-Thurgan). Three changes take place simultaneously : starch 
is being transformed into sugar, sugar into starch and also by the 
process of respiration into carbon dioxide. A decrease in the tem- 
perature hinders all three reactions but it has least effect on the 
formation of sugar from starch. Accordingly, when the potato is 
stored at 0° sugar is formed till the amount increases to 3 per cent 
At “ 1° all enzyme action ceases. At + 3° there is still formation of 
sugar but the enzymes actifig to destroy it tend to keep the amount 
down to 0*5 per cent At + 6° the rate of formation of sugar from 
starch and that of the reverse change are equal ; above this temperature 
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the formation of starch predominates. In consequence no sugar is 
stored and any sugar previously present is destroyed. 

The effect of a further rise in temperature on the enzyme balance 
has not been worked out in such detail but there is no doubt that the 
influence is equally profound. This conception of the regulation of 
metabolism affords an explanation of the sudden development of plant 
growth due to a warm day in spring when the rise in temperature 
' favours synthetic changes; or of the injury caused to hot-house plants 
■ by exposing them to a temperature colder than that to which they 
are accustomed, whereby an abnormal preponderance of hydrolytic 
activity is favoured which, if unduly prolonged, may lead to the dis- 
integration of the protoplasmic structure and death of the plant. 

In the case of plants which are killed by frost it is supposed that 
as a result of the removal of the water as ice the concentration of the 
cell fluid becomes such that the soluble proteins are precipitated from 
solution. This salting out of the proteins is prevented by the presence 
of non-electrolytes such as sugar : Lidforss, to whom this explanation 
is due, has shown that the leaves of winter plants are free from starch 
but contain much sugar. The warm days of early spring bring about 
the regeneration of starch and partial disappearance of sugar ; in con- 
sequence the cell is but ill protected against the effects of a subsequent 
frost. 


The Ripening of Fleshy Fruits. 

In the first stages after fertilisation the changes in the young fruit 
resemble those in the leaf: a variety of acids, tannins, and sometimes 
starch then accumulate, and ultimately, as the fruit becomes ripe, 
carbohydrates and fruit ethers or aromatic substances are formed and 
the bitter, acid or astringent taste disappears together with the starch. 

The interrelationship of the materials concerned and the enzymes 
which effect their transformation possesses numerous points of interest 
— the scope of the present work limits discussion here mainly to the 
carbohydrates. A distinction has been drawn between three types of 
fruit (Gerber) which in the preliminary stages are rich either in acids, 
tannins or starch : the subsequent changes differ somewhat in each 
type* 

As a typical starchy fruit the banana may be considered. During 
ripening there is an evolution of carbon dioxide and a considerable 
conversion of starch into sugar. Thus Prinsen-Geerligs found during 
six days the amount of starch decreased from 31 to 9 per cent, the 
cane sugar rose from 0*8 to 13-6 per cent., and the invert sugar from 
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0*25 to 8 '3 per cent. The presence of oxygen is necessary for ripen- 
ing ; in an atmosphere of nitrogen the starch remains intact. 

A careful study of the enzymes present in extracts of bananas 
gathered at different stages of ripening has been made by Tallarico. 
The catalytic enzyme which decomposes hydrogen peroxide is very 
active in the green fruit but weakens as it ripens. Diastase is only 
active in the green fruit or at the beginning of ripening, it then dis- 
appears. Invertase is absent during the green stage, the amount very 
rapidly increases during ripening and then gradually disappears. A 
proteoclastic enzyme is evident during ripening and then likewise 
vanishes. Maltase is not present at any period. 

During ripening the skin of the banana changes from green to 
yellow, deep brown and finally black ; the fruit is then fully ripe. This 
change is due to an oxydase acting on some aromatic substance 
liberated from a glucoside. The black colour is quickly produced 
when a yellow banana skin is disintegrated by mincing or when the 
entire skin is exposed to the vapour of some hormone. Under natural 
conditions the stimulus which leads to blackening is given from within 
the fruit by the liberation of the characteristic ester of the banana, 
which acts as a powerful hormone. In the case of most fruits, it 
would seem that the final appearance which is associated with ripeness 
is conditioned by stimulus from within rather than by any environ- 
mental influence. 

Vinson has found that invertase is present in the date throughout 
the green stages but remains in an insoluble endo form : during ripen- 
ing it becomes readily soluble, changing to the ecto form. The change 
coincides very closely in point of time with the conversion of the 
soluble tannins into an insoluble form. The unripe date contains 
much cane sugar; in the ripe fruit this is converted into invert sugar. 
Influences, such as have been considered under the name of hormones, 
which destroy the structure of the protoplasm, liberate the en o- 
enzyme, provided always that the dates have reached a certain stage 

of development. . r 

The acids in fruits are chiefly malic, tartaric and citric. Gerber 
considets that during ripening they are in part converted^ ^nto supr 
and in part oxidised to carbon dioxide. Temperature ns an im ^ 
portant influence on the rate of oxidation. Experiments wit un^ 
have shown that whereas at 12 glucose 1 a ^ 

preferentially to tartaric acid, at 20 the rate of attack is equa , 3^ 

the tartaric acid is least resistant. Malic acid is oxidised more eas y 
than glucose at all temperatures : fruits containing it, sue i as app es, 
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can ripen, therefore, in colder climates than those containing tartaric 
acid, like grapes. Citric acid is still more resistant to attack, and 
fruits such as oranges and lemons require warmer climates in order to 
ripen. 

In apples, according to Kelhofer, the percentage of sugar is highest 
in the flesh, the acidity increases towards the centre, the tannin from 
the centre outwards. The distribution is the same in ripe as in unripe 
apples, but during ripening the amount of acid greatly diminishes. 

In oranges (Scurti and Plato) citric and malic acids are present ; 
during ripening the quantity at first increases but then becomes much 
smaller. Sucrose diminishes in amount, glucose and fructose increase. 

During the ripening of sloes (Otto and Kooper) the amount of 
fructose increases whilst that of glucose decreases together with the 
acids and tannin ; the loss is in part due to respiration. The same 
authors have studied the changes in medlars and quinces during 
ripening. 

In the ripening of cereals the object is to store starch instead of 
converting it into sugar. The enzymes act synthetically and there is 
a gradual accumulation of carbohydrate within the endosperm tissue. 
The slowly matured, plump grains contain a higher proportion of 
starch than the small and rapidly ripened grains. 

In the sweet potato, Ipomoea batatas^ the conversion of starch into 
sugar is apparently connected with the cessation of the activity of the 
leaves, as until the stem is cut off or the tubers harvested very little 
sugar is formed. The transformation results first in the production of 
reducing sugars from starch which are then converted into sucrose. 
It is of interest that the change, although slower at low temperatures, 
ultimately goes much further, so that much more sugar is formed. 

The genesis of the carbohydrates in wheat has been studied by 
Colin and Belval. Prior to the formation of the ear the stem of the 
wheat plant contains only those carbohydrates coming to it from 
the leaf, and the ratio of reducing sugars to sucrose is much greater 
in it than in the leaf. From the month of June, however, as soon as 
the corn has shot, a change occurs. After the sugars have been 
extracted by alcohol from the stem a residue remains which, on 
hydrolysis with acid, gives a large amount of laevulose and at the time 
of ripening the carbohydrates of the stem consist of sucrose and 
laevulosans. 

Immature wheat grains contain 6 per cent, of laevulosan, 1*5 per 
cent, of sucrose and less than i per cent, of a reducing sugar, these 
constituting all the (soluble) reserve carbohydrates (starch, 5-6 per 
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cent.). As maturity is approached, starch is formed in increasing 
quantities (50-60 per cent), the soluble carbohydrates lose their im- 
portance and their relative proportions change. The rotatory powers 
before and after inversion steadily increase, and the dextrose ; laevulose 
ratio gradually approaches unity. At maturity, only O’l 5 per cent of 
free reducing sugar, o’40 per cent, of crystallisable sugar and roughly 
the same amount of laevulosan are present. 

Chemical examination of maize plants of various ages shows that 
the amount of pentosans in the plant increases with the total dry 
matter, being approximately one-sixth of the dry matter. In the 
early stages of growth, the production of pentosans in the plant- 
tissue is greater than that of dry matter; its formation from starch, 
etc., is suggested. The percentage of pentosan in particular organs of 
the plant increases with the development of that organ. Only traces 
of methylpentosans were found, but pentoses were found in small but 
regular quantities throughout the plant’s growth. The pentosans in 
green corn tissue are destroyed by Bacillus fiavigina, and also by 
B. colt communis. 


Products Derived from Carbohydrates in Plants. 

Carbohydrates are the first products of synthesis in the plant, and 
the other products of plant activity must be expected in large measure 
to arise from them. For example, unripe seeds, nuts or fruits contain 
carbohydrates, which as ripening proceeds are transformed into fats 
and oils. This change is of the greatest interest, particularly in regard 
to the variety of fats found in nature and their great commercial im- 
portance. Two changes are involved : the alcoholic hydroxyl groups 
must be reduced and the short carbon chains of the carbohydrates 
must be condensed to form the long chains characteristic of the higher 
fatty acids. It will be remembered that these consist always of an 
even number of carbon atoms and are unbranched, suggesting that a 
decomposition product of glucose containing two carbon atoms is 
formed and takes part in the condensation, the reaction being repeated 
so that each successive acid has two more carbon atoms. Nef s work 
has shown that the glucose molecule may be disjointed at either the 
a- or jS- or 7-carbon atoms : in the latter case lactic acid is formed, as 
happens when glucose is acted on by bacteria or by weak alkahea 
The first product of fission is perhaps glycerose— 

CHjfOH) . CH(OH) . CHO 

16 





r ^ 
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which by rearrangement becomes lactic acid : — 

CH3.CH(0H).C02H 

Both glucose and lactic acid can undergo butyric fermentation in 
which butyric acid CHg. CHg . CHg . COgH, is formed. 

Nencki suggested that lactic acid breaks down into acetaldehyde, 
hydrogen and carbon dioxide and that the aldehyde undergoes re- 
peated aldol condensation followed by the same rearrangement as in 
the case of the formation of lactic acid from glycerose : — 

CHg . CHO + CHg . CHO -> CH3 . CH(OH) . CH^ . CHO -> CHg . CH^ . CH^ . COgH 

The reaction involved in the reduction of the ^-alcoholic hydroxyl 
accompanying the oxidation of the aldehyde group is apparently a 
general one in carbohydrate metabolism. The further study of this 
fascinating subject belongs to the domain of fat chemistry, for which 
the monograph of Dr. Leathes should be consulted. 

The aldehydes present in green leaves have been investigated by 
Curtius and Franzen who worked up 600 kilograms of the leaves of 
the hornbeam for this purpose. They identified formaldehyde, acet- 
aldehyde, ;2-butylaldehyde, valeraldehyde, ajS-hexylene aldehyde and 
higher homologues. The hexylene aldehyde 

CHg . CH2 . CHg . CH : CH . CHO 

formed the greater part and considerable quantities of acetaldehyde 
and butyric aldehyde were present, the other aldehydes being present 
only in small amounts. 

It is suggested that this aldehyde is produced from glucose by the 
repetition of the following series of changes : — 

CH,.(CH.OH),,CHO glucose, 

OH 

CHg ; C(OH) . (CH . OHjg . CHO water eliminated, 

CHg . CO . (CH . OHjg. CHO water added and 

eliminated, 

CH3.CH(0H).(CH.0H)3.CH0 reduced, 

involving, in the first place, the formation of a methylpentose, and 
subsequently, on repetition of the reduction, of an ethyl tetrose which 
would have the same composition as digitoxose. Kiliani assigns a 
different structure to this sugar, but it requires reinvestigation from 
this point of view. 

The constitution of the enzymes which act on the carbohydrates 
has long been a subject of speculation. According to H. E. and E. F. 
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Armstrong the enzyme has the double function of retaining the hy- 
drolyte in circuit while hydrolysis is being effected by an electrolyte 
formed from an active radicle present in the enzyme. The acceptor 
portion of the enzyme must be compatible with a grouping common 
to all the members of the series of glucosidcs which it hydrolyses and 
it has been postulated as an amino glucose composing part of a large 
colloid molecule. Carbohydrates have been shown to be a component 
even of highly purified enzymes though it is not yet possible to carry 
the purification very far without destroying the activity of the enzyme. 

Willstatter finds that the purest and most active peroxydase he 
could prepare from a very large quantity of horse-radish consisted 
chiefly of a nitrogenous glucoside containing about 30 per cent of a 
pentose and the equivalent proportion of a hexose with about 3 atoms 
of nitrogen. Peroxydase is not, of course, generally regarded as an 
enzyme in the same sense as the sugar-splitting compounds, and the 
method of purification would have inevitably destroyed the sucrolastic 
enzymes. It is none the less of considerable interest that a very active 
catalytic agent should be composed so largely of sugar moleculea 
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The references in heavy type denote the more detailed descriptions of the compounds or 

subjects indexed,, 


Acetobromoglucose, i 7 ’I 9 i ^<^ 3 * 
Acetobromorhamnose, 103, 104. 
Acetochloroglucoses, 17-19. 

Acetone glycerol, 26. 

Acetonitroglucoses, 17-19- 
Acetyl-»-butyl alcohol, 29. 

Acetyl-;i-propyl alcohol, 29. 

Acrose, I43~I45- 
Adonitol, 108, no, 177. 

Aesculin, 190, 192, 196. 

Agrostemma sapotoxin, 191, 218. 

Aldehydes from carbohydrates, 242. 

Alliin, 91, 188. 

Allose, 34 > 35. 37 , 86 . 

Aloinose, 97. 

Altrose, 34, 35, 37, 86. 

Aminoglucosides, synthetic, 79, 222. 
Aminohelicin, 222. 

Aminohexoses, 75 ’ 83 * 

Aminosalicin, 222. 

Amygdalase, 189, 192, 210, 211, 229. 
Amygdalin, 187-igo, 209, 229. 

Amylopectin, 165, 166. 

Amyloses, 164. 

Androsin, 192. 

Anhydroglucose, 19, 30, 161. 

Anhydromaltose, 164, 166, 167. 
Anhydromentholglucoside, 19. 
Anhydromethylglucoside, 19. 
Anhydrosedoheptose, 106. 

Anhydrosorbitol, 19. 

Anthocyan glucosides, 191, 202-204, 234-230* 
Anthoxanthin glucosides, 190- 191, 197-202. 
Antiarin, 188. 

Apiin, 190, 198. 

Apiose, 107, 198. 

Aiabinoketose, 145. ^00 ^ t«t 

Arabinose, 35-37, 43, 44, 4^, 85, 89, 97-IOI, 

177, 191- 

— diacetone, 26. 

— tetracetate, 54. 

Arabitol, 108, no, 178. 

Arbutin, 190, 192, 193. 

Aucubin, 192, 195* 

Banana, ripening of, 239. 

Baptisin, 188, 190. 

Barbaloin, 97, i8g, 192, 208. 

Benzylphenylhydrazones, 63. 

— rotatory power, 55. 

Blood sugar, 51, 176, 185-186. 

Bornesitol, 115. . . , 

Bromomethylfurfuraldehyde, 95. 

Bryanol, 221. 


Calmatambin, 192. 

Campferitrin, 188, 190, 198. 

Cane sugar, see Sucrose. 

Capsularin, 192. 

Carbohydrates, classification of, 1-5. 

— formation in mangold, 14S. 

potato, 149, 237. 

snowdrop, 148. 

Tropaeolum, 14S. 

wheat, 240-241. 

— symbols for stereoisomer ides, 37, 3S. 
Carnose, 98. 

Castelin, 192. 

Caulophyllosaponin, 191, 219. 
Caulosaponin, 191, 219. 

Ceilobial, 129. 

Cellose, 43, 44, 120, 12S-130, 162, 165. 

— octacetate, 54, 160. 

Cellulose, 30, 159-163. 

Centaurein, 190. 

Cerebrose, go. 

Cerebrosides, go. 

Chitin, 75. 

Chitosamine, 75 ‘ 7 S* 

Chitose, 77. 

Chloralose, 31. 

Cholesterol glucosides, synthetic, 221. 
Chondroitin, 82. 

— sulphuric acid, 81. 

Chondrosamine, 81-83. 

— pentacetate, 54, 82. 

Chrysin glucoside, 198. 

Citrullol, 221. 

Cluytianol, 221. 

Cocositol, 1 16. 

Coniferin, 190, 192, I 95 'I 9 ^- 
Convallamarin, 188. 

Convolvulin, 104, 189, 190. 
Convolvulinic acid, 104. 

Coumarin glucosides, 

Cyanin, 191, 203. 

Cyanohydrin syntheses, 72, 100, 103. 
Cyanophoric glucosides, 214-216. 
Cyclamin, 216. 

Cycloses, 112-117. 

Cymarin, 191, 20 S 
Cymarose, 107* 205, 

Dambonitol, 115. 

Dambose, 115. 

Daphnin, 190, 196. 

Datiscein, 188, 192. 

Degradation of sugars, 72-7S 
Delphinidin, 27, 203. 
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Delphinin, igi, 203. 

Deoxygluconic acid, 29. 

Deoxyglucose, 28-30. 

Deojjysorbitolj 29. 

Dextrin, 164, 166, 167. 

Dextrose, see Glucose. 

Dhurrin, 190, 21 5. 

Diamylose, x66, 167. 

Diastase, 124, 125, 132, 164. 
Dibenzoylglucoxylose, 192, 208. 
Dibromotriacetylglucose, 19. 

Digitalin, 19 1, 204. 

Digitalis glucosides, 204-206. 

Digitalose, 108. 

Digitonin, 188, 191, 204, 216, 218. 
Digitosaponin, 191, 218. 

Digitoxin, 191, 204* 

Digitoxose, 28, 107, 204, 205. 

Diglucosan, 31. 

Dimethylglucoses, 2 i> 22 , 48, 164, 165, 166. 
Dioxyacetone, 3, 86, 145, 173, I 74 j ^ 78 - 
Diphenylhydrazones, 63. 

Diphenylmethane dimethylhydrazones, 63. 
Disaccharides, 118-138. 

— behaviour to enzymes, 120. 

— hydrolysis of, 13 9-142. 

Dulcitol, 66, 89, 109, 178* 179 - 

Emulsin, 12, 21, 80, 120, 122, 124-127, 129, 
i33-i3&» 138, 156, 157. 179*183, 

188, 192, 206, 207, 209-213, 224-227. 
Enzymes, attachment of, to carbohydrates, 
181-183. 

— balance, and carbohydrates, 237-238. 

— detection of glucosides, 189. 

— hydrolytic action of, 142. 

— nomenclature, 179. 

— oxidising, 178. 

— synthesis of glucosides, 224-227. 
Epimerism, 10. 

Epirhodeose, 86, 103. 

Erythritol, 108, 178. 

Erythrose, 37, 86, 99. 

Erythrozym, 197. 

Erythrulose, 86, 108. 

Ethylthioglucosides, 224. 

Euxandiic acid, 70, 190, 201. 

Euxanthone, 70, 20i. 

Fatty acids, from carbohydrates, 241* 
Fermentation, 171-177. 

— intermediate products of, 175. 

Flavones, 102, 197, 201. 

Formaldehyde, i, 3, 146, 147, 149, 150. 
Frangulin, 188, 190, 199. 

Fraxin, 190, 

Fructose, 3, 6, 43, 44, 46, 86, 90-93, 130, 132, 
136, 144, 168, 171, 174, 178. 

— acetones, 93-9S 

— amylene oxide forms, 91, 

— behaviour to alkalies, 57-60, 

— butylene oxide forms, 91. 

— ethylene oxide forms, 13, 91. 

— methylphenylosazone, 96. 

— mono- and diacetones, 94, 95. 

— propylene oxide forms, 91. 

— rotatory power, 52. 

Fructoseazine, 79. 


Fructosides, 13. 

Fucose, 43, 86, 103, 105. 

Furfuraldehyde, 102. 

Fustin, 188, 190, 199. 

Galactoarabinose, 131, 132- 
Galactobioses, synthesised by emulsin, 152 
157 - 

Galactoheptitol, 106. 

Galactoheptose, 86, 106. 

Galactonic acid, 55, 68, 178. 

— phenylhydrazide, 55. 

Galacto-octose, 86. 

Galactose, 34, 37, 43, 44 i 4 ^^ ^6, 89-90, 97 
100, 135, 141, 152, I53> 173. 188. 

— conversion into glucose, 183-185. 

— ethylene oxide forms, 91, 154-155. 

— pentacetates, 16, 54. 

Galactosides, 119, 131-133. 
Galactosidoglucose, 152. 

Galangin glucsiode, 198. 

Gallisin, 165. 

Gaultherase, 192, 195. 

Gaultherin, 190, 195. 

Gentianose, 119, 130, 136-137,, i 77 » 233. 
Gentiin, 189, 192. 

Gentiobiose, 119, 130, 136, I57»'233. 

— biochemical sythesis, 130. 

— octacetate, 54. 

Gentiopicrin, 192, 233. 

Gentisin, 201. 

Gitalin, 191, 204. 

Gitin, 191. 

Gitonin, 191, 204. 

Glucal, 27-28, 98. 

Glucocheirolin, 191, 208. 

Glucodecose, 86. 

Glucodesose, 28. 

Glucodesosides, 29. 

Glucoheptose, 34» 37> ^6. 

— hexacetate, 54. 

Gluconic acid, 67, 68, 172, 178. 

— phenylhydrazide, 54, 55. 

Glucononose, 86. 

Gluco-octose, 86. 

Glucoproteins, 80. 

Glucosamine, 75 - 77 - 

— pentacetate, 54, 82. 

e-Glucosamine, 79 - ^ . 

Glucosan, 30-32, 45, 164, 165, 167. 

Glucose, behaviour to alkalies, 50, 

— butylene oxide forms, 9, lS-i8. 

— conductivity, 44. 

— configuration, 35-385 46. 

— constitution, 6. 

— conversion to J-isorhamnose, 105. 

— diacetone, 22, 24-26. 

— enolisation, 58, 17 1. 

— ethylene oxide forms, 13. 

— fermentation, 171-176. 

— formula, 7-9. 

— monoacetone, 24. 

— osone, 65, 172, 177. 

— oxidation, 67, 178. 

— pentabenzoates, 18. 

— pentacetates, 15-18, 54, 82. 

— phenylhydrazones, 62-66. 

— phenylosazone, 63-65- 
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Glucose, reduction, 66. 

— solubilities, initial and final, 44. 

— synthesis, 71. 

— tetracetates, 18. 

Glucoseimine, 78. . 

Glucosides, 119-138, 187-227. 

— and animal nutrition, 25 O-234. 

— biochemical detection of, 189. 

— hydrolysis of, 179-183. 

— natural, 187-219. 

— significance of, 228-230. 

— synthetic, 220-227. 

— table, 190-192. 

Glucosidogalactose, 152. 

Glucosidogallic acid, 85. 

Glucosyl chloride, 31. 

— glucose, 31. 

Glucotropaeolin, 19 1. 

Glucovanillic acid, 221. 

Glucovanillin, xgfi. 

Glucoxylose, 208. 

Glucuronic acid, 67, 69, 219. 

Glyceric acid, configuration, 100. 

Glycerose, 3, 37, 38, 86, 199, 

— synthesis of active forms, 99, lOO. • 
Glycogen, 167, 186. 

Glycol glucosides, rotatory powers, 53. 
Glycollic acid glucoside, 126. 

— aldehyde, 3, 86, 145. 

Glyconitrile celloside, 223. 

— glucoside, 223. 

Glycyphyllin, 188, 190, 

Glycyrrhizin, 192. 

Gossypitrin, 190, 200. 

Gulose, 34, 36, 37» 97, io3, 

Gynocardin, 192, 215. 

Gypsophila sapotoxin, 19 r, 218. 

Hederin, 191, 218. 

Helicin, 190, 192, igS 222. 
ennea-Heptitol, 26. 

Hesperidin, 188, 190. 

Hexa-amylose, 166, 167. 

Hexonic acid lactones, rotatory power, 54* 

— phenylhydrazides, rotatory power, 55. 
Hexosamic acids, rotatory power, 82. 

Hexose phosphates, 83, 172, 174, 175, 
Hiptagin, 192. 

Hudson’s rule (rotatory power), 5^-50, S2, 
100. 

Hydrazinodiacetone glucose, 25. 
Hydroflavone glucosides, 197-202. 
5 -Hydroxy hexaldehyde, 30. 
y-Hydroxy valeraldehyde, 30, 

Idain, 19 1, 203. 

Iditol, 109. 

Idose, 34, 37, 86, 97. 

Incarnatrin, 190, 199. 

Indican, 189, 192, 206. 

Inosinic acid, 84, 98. 

Inositol phosphoric acid, 115, 116. 

Inositols, 112-117. 

Insulin, 186. - , 

Interconversion of glucose, mannose, tructose, 

57 * „ 

Inulase, 168. 

Inulin, 91, 92, 168-169. 


Invertase, 121-125, 148, 151, 

152, 158, 177, 192, 239. 

Ipuranol, 221. 

Iridin, 190. 

Isoglucosamine, 78. 

Isolactose, iig, 132. 

Isomaltose, 119, 127, 130, 152, 155-157, 165, 

166. 

Isoquercitrin, igo, 200. 

Isorhamnetin, 199. 

Isorhamnose, 86, 104, 105. 

Isorhodeose, 104, 

Isotrehalose, 119, 125, 153, 154. 

Jalapin, 190. 

Jegosaponin, 191, 219. 

Jesterin, 189. 

Kerasin, 90. 

Lactase, 8g, 125, 132, 179, iSo, 184, 185. 

— Kephir, 89, 129, 132, 185. 

Lactic acid, 174. 

Lactones, rotatory power, 67, 68. 

Lactose, 43, 44, iig, 129, 131-132, 140, 142, 
165, 177, 184- 

— constitution, 131-132. 

— octacetate, 54. 

Laevulinic acid, 96, 98. 

Laevulose, see Fructose, 

Laminareose, 124, 

Laminarin, 124. 

Laurocerasin, 212. 

Levant sapotoxin, 191, 218. 

Limettin, 196. 

Linamaxin, iSi, 190, 215, 223. 

Linase, 192. 

Lotusin, 190, 215-216. 

Lupeose, 138. 

Luteolin glucoside, 198. 

Lyxose, 35-37 j 43 i 44 j 

Madder, 196-197. 

Maltase, 12, 120, 124-127, 132-134, ^55» 

179-182. 

Maltosan, 32. 

Maltose. 43, 44. I2S-I27. HO' 

157, 163-167. 

— octacetate, 54. 

— rotatory power, 52. 

Malvin, 19 1, 203- 

Mandelonitrile glucoside, 21O-214, 223, 
Maiinan, 169. 

Mannitol, 66, 87, 96, 108- 1 12, 17^. ^79* 

— triacetone, 95, m. 

Mannoheptitol, 105, 106. 

Mannoheptose, 86, 88, 105. 
Maimoketoheptose, 86, loS- 
Mannonic add, 6^, 68. 

Mannononose, 86, 173. 

Manno-octose, 86, 

Mannose, 27, 34, 3^. 37. 43» 44* 4^. 

87-88, 103, 171. 177. 

— behaviour to alkalies, 57-62. 

— p^tacetate, 54. 

Mannotriose, 119, 13S ^ 3 ^* 

Melatin, 192. 

Melibiase, 133, 13^* . 
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Melibiitol, i33- ^ 

Melibiose, 43, 44> QOj ^42* 

Melicitose, 119, I34 j 137* 

Menthol-rhamnoside, 104. 

Menthyl glucosides, synthetic, 223. 
Methylarbutin, 190, 193. 
Methyldeoxyglucosides, 28, 29. 
Methylfructosides, 92, 93* 

Methylgalactosides, 140-142, 180, 184. 
Methylglucoses, 14, 20-23. 

Methylglucoside bromohydrins, 28. 

Methyl glucosides, 10-14) 4‘^» 45» ^40> 

162, 172, 179-183. 

Methylglycerose, 3, 86. 

Methylglyoxal, 175. 

Methylglyoxaline, from sugars, 61, 62. 
Methylmaltoside, 126. 

Methylmannosides, 180, 225. 

Methylpentoses, 102-105* 
Methylphenylhydrazones, 63. 
Methylrhamnosides, 180, 18 1. 
Methylrhamnoside triacetates, 104. 
Methylxylosides, 180. 

Monomethylglucoses, 22, 174. 

— rotatory powers, 53. 

Morin glucoside, 200. i 

Mucic acid, 69, 89. 

Mucins and mucoids, 81-83. 

Mustard oil glucosides, 206*208. 

Mutarotation, 38-44, 51, 52. 

— of disaccharides, 120. 

— velocity-coefhcients for various sugars, 43. 
Myricetin, 200. 

Myrosin, 188, 192, 206-208, 224. 

Myrtillin, 19 1, 203. 

Naringin, 190. 

Nomenclature of hexoses,' g, 10, 37, 38. 

Nucite, 115. 

Nucleic acids, 35, 84, g8. 

Nucleoproteins, 98. 

Oenin, igi, 203. 

Oleuropein, 192. 

Optical rotatory power of sugars, relation to 
configuration, 51-56, 67. 

Osones, 65. 

Ouabain, 188. 

Oxonium compounds, 42, 44-48. 

Paeonin, 203. 

Parachloralose, 31. 

Parillin, 191, 216, 218. 

Pectase, 89. 

Pectins, 71, 89. 

Pelargonin, 191, 203. 

Pentadigalloylglucose, 84. 
Pentamethylglucoses, 21. 
Pentamethylmannitol, in. 

Pentosans, 97, g8. 

Pentoses, 4, 97 “I 0 S* 

Peroxydase, sugars in, 243. 

Perseitol, 88, 105, 106, 109, 178. 

Perseulitol, 105. 

Perseulose, 86 , 105. 

Phaseolunatin, 215* 

Phenol carboxylic acid glucosides, 181, 221. 
— glucosides, synthetic, 181, 222. 


Phenylhydrazones, 63, 64. 

Phenylosazones, 63-65. 

Phloridzin, 190, 194. 

Phrenosin, 90. 

Phytin, 115. 

Phytosterolin, 191, 221. 

Picein, 222. 

Pinitol, 1 15. 

Polyamyloses, 31, 165-167. 

Polygonin, 190. 

Polysciasaponin, 191, 218, 219. 

Populin, 27, 190, 195. 

Primeverin, 209. 

Primeverose, 134, 209. 

Primulaverin, 209. 

Procellose, 137. 

Prulaurasin, 190, 212-214. 

Prunase, 211, 229, 

Prunasin, 190, 211-214. 

Purgic acid, 104. 

Purine glucosides, synthetic, 221. 

Purpurin, 197. 

Pyridine, action on hexonic acids, 50, 68. 
Pyruvic acid, 175, 179. 

Quebrachitol, 115. 

Quercetagetin, 200. 

Quercimeritrin, 191, 200. 

Quercitol, 113, I16, 117* 

Quercitrin, 102, 188, 191, 199. 

Quillaic acid, 191, 218. 

Quinic acid, 1 13, 1 17. 

Quinoline, action on acetobromoglucose, 222, 
223. 

— action on hexonic acids, 68. 

Quinovin, 105, 189, 192. 

Quinovose, 105. 

Raffinose, 44, 90, 119, 132, 133, I35 -i 36> 
177, 192. 

Respiration in plants, 234-236. 

Revertose, 127, 155. 

Rhamnase, 192. 

Rhamnasin, 199. 

Rhamnelin, 135. 

Rhamninase, 135. 

Rhamninose, 119, 132, 135, 189. 

Rhamnose, 3, 43, 44» 4^) ^02, 103, I35 j 

177, 188, 190-192. 

Rhodeose, 86, 103, 104. 

Ribose, 35-37, 86, 98, gg, 188. 

— phosphoric acid, 84. 

Ripening of fleshy fruits, 238-241. 

Robinin, igo, 198. 

Ruberythric acid, 190, 197* 

Rubiadin, 190, 197* 

Rutin, 188, 191, 200. 

Saccharic acid, 36, 67, 69. 

Saccharinic acids, 54, 61. 

— lactones, rotatory power, 54. 
Sambunigrin, 190, 192, 212-214. 

Salicase, 194. 

Salicin, 188, 190, 192, 194, 195, 226, 233. 
Salinigrin, 190, 195. 

Sapindus saponin, 188. 

Saponarin, 192. 

1 Saponins, 188, 189, 191, 216-219. 
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Saporubrin, 191, 217, 218. 

Sapotoxin, iSL 
Sarsasaponin, igi, 216, 218. 

Scopolin, 190, 196. 

Scyllitol, 1 16. 

Sedoheptitols, 106, loy* 

Sedoheptose, 86, 106, I 07 * 

Selenoisotrehalose, 154. 

Seminase, 225. 

Serotin, 191, 200. 

Shikimic acid, 117. 

Sinalbiii, 191, 206-208. 

Sinigrin, 189, 191, 206-208. 

Sldmmin, 190, 196. 

Smilacin, 191. 

Solanin, 188. 

Solubilities, initial and final, of sugars, 44. 
Sophorin, 191. 

Sorbitol, 66, 96, 97, 109, no, I 77 . 178 - 
Sorbose, 86, 97, 145, 178- 
Spbingosin, 90. 

Stachyose, 119, 138, i 77 * 

Starch, 30, 163-167. 

Stereoisomerides, 3, 4, 33 - 3 S- 

— of inositols, 113, 114. 

Strophanthin, 188, 191, 205* 
Strophantobiose, 134, 205. 

Styracitol, 19. 

Sucrose, 44, 91, 119, 121-124, 139-142, I 5 i“ 

152, 192. 

— constitution, I 2 I-I 24 * 

— phosphate, 84, 186. 

Sunlight, action on sugars, 57. 

Synthesis, chemical, of sugars, 71-75, 142- 

145, i-Si-iSS 

— of sugars by enzymes, ISS-^SS* 

in tbe plant, I 46 -I 5 I* 

— photocatalytic, of sugars, 147. 

Syringin, 190, 196, 208. 

Tagatose, 86, 89, 173. 

Talonic acid, 68. 

Talose, 34, 37 , 86, 89, 173. 

Tannins, 84-85, 163, 236-237- 
Tartaric acids, 99, 100. 

Taxicatin, i8g. 


Terpene glucosides, synthetic, 221. 

Terpenes, from saporins, 217. 

Tetra-amylose, 166. 

Tetraglucosan, 31. 

Tetramethylglucoses, 21, 45, 48, 130, 167. 
Tetramethyl methylglucosides, 20, 21, 49, 77, 

183. 

Tetroses, 4, 37, 86, gg, loS, 

Theophylline glucoside phosphoric acid, 221, 
Thioisotrehalose, 154. 

Thiophenolglucoside, 224. 

Threose, 37, 86, 99, loS. 

Thujin, 191, 200. 

I Thymus nucleic acid, 84, gS. 

I Trehalase, 124. 

i Trehalose, 44, 119, 124-125, 153 - 154 *. 

I Triacetylmethylglucoside bromohydrin, 19. 

I Triamylose, 164, 166, 167. 

! Trihexosan, 165. 

Trifolin, 188. 

Trimethylglucal, 28. 

Trimethylglucosan, 31. 

Trimethylglucoses, 20-23, 30, 128-131, 133? 
160, 164-167. 

Trioses, 4, 37, 38, 86, 199. 

Turanose, 119, 134, i 37 * 

Turpethin, 188, 189. 

Ultra-violet light, action on sugars, 57, 95. 

Vernin, 189, 192, 2C^. 

Vicianase, 216. 

Vicianin, 189, 190, 216. 

Vicianore, 134, 216. 

Volemitol, 85, 88, 106, 109, no. 

Xanthopurpurin, 197. 

Xanthorhamnin, 102, 135, iSS, 189, 191, 

Xylan, 169, 

Xylonic acid, loi, 178. 

Xylose, 35-38, 43, 46, 86, 97- 102, 188. 

— diacetone, 26, 101. 

— rotatory power, 52. 

— tetracetate, 54. 

Yeast nucleic acid, 84, 98, 
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a point is reached when one of the constituents crystallises out from 
the saturated liquid. The mixture in solution is consequently thrown 
out of equilibrium ; but as this happens a change takes place spon- 
taneously to restore the equilibrium — passing into a, or vice versL 
A solution of glucose containing a and /S forms can therefore be made 
to yield wholly a- or wholly yS-glucose on concentration, according to 
the temperature at which crystallisation takes place. The a form, 
which is then the less soluble, is that obtained at lower temperatures ; 
but above 98°, the ^ form being the less soluble at the higher tem- 
perature alone separates. Were the change into aldehyde complete, 
as Simon and Lippmann suggest, it would be impossible by mere 
crystallisation to convert this into a-glucose, 

Tanret (1905) has accepted the conclusion that there are but two 
isomerides of glucose, corresponding to the a- and /3-methyl glucosides, 
and that his supposed third modification is an equilibrated mixture of 
these two forms. He has calculated from the rotatory power [ajn +110° 
of the pure a- and [a]i, + 19° of the pure ^ form that the proportion in 
which these are in equilibrium is a ~ 37 per cent., yS ~ 63 per cent in a 
10 per cent solution, and a = 40, /3 == 60 per cent, in a concentrated 
aqueous solution. 

By means of solubility determinations Lowry finds 52 per cent, of 
the a form to be present in saturated solutions of glucose in methyl 
alcohol : the proportion of a decreases as the aniount of water increases, 
amounting to 40 per cent in the mixture MeOH + H2O. He does 
not, however, interpret the remaining 60 per cent, of sugar present in 
solution as y8-glucose, but considers that some quantity of the alde- 
hyde form is also present 

Conclusive proof that the mutarotation is caused by a balanced 
reaction between the a and ^ forms . of the sugar is afforded by the 
numerical equality of the velocity coefficients of their mutarotation 
which have been determined over a range of temperature from d" to 40°. 

Behrend finds that a-glucose can exist in contact with boiling 
ethyl or isobutyl alcoholic solutions, or as the monohydrate in contact 
with aqueous solutions. From the solution in boiling pyridine a 
monopyridine salt of /3-glucose separates, which on exposure rapidly 
loses pyridine. This forms a convenient method of preparing 
jS-glucose, which, according to Behrend, has m.p. 148°-! 50°, [ajo + 207°- 

Glucose as purified by crystallisation from dilute methyl alcohol 
is almost invariably a mixture of the different forms. To obtain a 
homogeneous substance the solid is soaked during several days or 
weeks with the solvent, at a constant temperature, until the whole 
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of the ^-sugar present has been converted into the a-isomeride 

(Lowry). 

According to Hudson and Dale, acetic acid of various concentra- 
tions is the most suitable solvent for the recrystallisation of a- and 
/S-glucose. To obtain a-glucose two parts of the sugar are dissolved 
in one part of water and mixed with four parts of glacial acetic acid ; 
crystallisation is allowed to take place at the ordinary temperature. 
The best method of preparing ^-glucose is as follows: lO parts of 
glucose are dissolved in i part of water on a water bath and 1 2 parts 
of glacial acetic acid heated to 100° are added. The whole is well 
mixed and removed from the water bath, when crystallisation at 
once commences. After four such crystallisations pure yS-glucose is 
obtained 

Hudson gives [a]^ + 110° for a-glucose and +19° for ^-glucose, 
later extrapolated values of Nelson and Beegle are a-glucose + 1 1 1 *2° 
and / 9 -glucose + I7*5^ 

When the mixture of alcohol and water is sufficiently dilute glucose 
crystallises as hydrate, the transformation from anhydrous glucose to 
hydrate being clearly visible to the eye as the sugar changes from a 
fine powder to a hard cake of glistening crystals. Glucose hydrate 
almost certainly has the structure of the oxonium hydroxide : — 



It is characteristic of the carbohydrates that their optical rotatory 
power is altered, in some cases very considerably, by changes of con- 
centration of the sugar. On the hypothesis that actually there is 
present in solution a mixture of two isomerides in equilibrium, it is 
obvious that the change in question will disturb the equilibrium in one 
or the other direction. In the case of glucose temperature has hardly 
any influence, but the rotation is greater in more concentrated solutions. 
When these are diluted the rotatory power returns to the lower value 
only slowly, corresponding with the gradual establishment of the new 
ojuilibrium. The rotation of fructose is very greatly influenced by 
change of temperature. The effect of salts in altering the rotatory 
power is also in part due to their concentration effect tending to alter 
the position of the equilibrium. 

Since the rotations of the a- and / 3 -glucoses and of the equilibrated 
mixture are independent of temperature the heat of the mutarotation 
rea^ion is zero. Heat changes measured by Berthelot in this con- 
nection were due to some other change produced by the alkali he 
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used. The mutarotation of glucose is thus similar to racemisation of 
many optically active compounds and does not involve any change in 
the chemical constitution other than spatial. 

In the case of fructose whereas the rotation of ^-fructose is inde- 
pendent of temperature from 0° - 37° namely - 130-8'', the rotation 
at equilibrium varies with temperature being - 100°, - 94'', - 88°, 
- 81° at 0*15°, 15°, 25° 37° respectively: it is therefore logical to 
assume as done by Nelson and Beegle, that the transformation is 
accompanied by a heat of reaction and that heat is absorbed as j3- 
fructose is changed into the a- or other isomeride. In other words 
mutarotation of fructose is accompanied by more complex changes in 
the structure of the molecule, a conclusion which is in harmony with 
other observations. 

The knowledge of the mutarotation of glucose and fructose, par- 
ticularly when liberated from sucrose, has been materially advanced by 
Hudson in a series of papers commenced in 1908, some years subse- 
quent to the definite proof of the nature of mutarotation by Armstrong 
and Lowry. 

Hudson draws attention to the recognition by O^Sullivan and 
Thompson in 1890 that the earlier polarimetric measurements of the 
inversion of sucrose by invertase were vitiated by a systematic error 
due to the fact that the glucose formed is initially in a mutarotatory 
condition. The optical rotation only gives a true measure of the 
amount of inversion after the addition of a drop of alkali. 

The speeds of mutarotation of most of the sugars are indicated in 
the following table, given by Hudson : — 


TABLE IV. — The Velocity-Coefficients of the Mutarotation of the Sugars 

IN Water at 20°. 


Sugar. 


Fructose 

Lyxose . 

Rhamnose 

Arabinose 

Fucose . 

Xylose . 

Mannose 

a-Glucoheptose 

Galactose 

Melibiose 

Maltose 

Glucose 

Cellose . 

Lactose 


(Minutes and Decimal Logarithms). 

. . 0*082 

. . 0*065 

. 0*039 

. 0*031 
. 0*022 
. 0*021 
. . 0*0190 

. . 0*0122 

. . 0*0102 

. 0*0088 

. . 0*0072 

. . 0*0065 

. 0*0047 

. 0*0046 


The initial and final solubilities of most of the crystalline sugars are 
summarised in the following table likewise due to Hudson : — 
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TABLE V.~“SoLUBiLiTiES OF Sugars at 20°. 


i 

j Sugar. 

1 

Formula. 

Solvent. 

Grams of Anhydrous 
Sugar in 100 c.c. Solution, i 

Init. Sol. 

Final Sol. 

a-Arabiriose . 

^-Cellose 

^-Fructose 

»> ... 

a-GaJactese . 

»» ... 

ffl-Glucoh^tose . 
a-GIucose 

1 »> ... 

l a- „ hydrate . 

\fi- 

a- Lactose hydrate . 

I a*Lyxose 

1 ^-Maltose hydrate . 

1 ^-Mannose 

1 -.*••• 

1 ^-Mehbiose di hydrate . 

a'RhaimK>se hydrate 

jj 

a-Xylose. 

Sucrose .... 
Trehalose dihydrate 
RaflSiKJse pentahydrate . 

CgHjgOg 

CgHj20g 

^6^12^6 

CgHigOg 

CgHjQOg 

C7H14O7 

^6^12^6 

CgH,,0g 

CgHj.Og.HoO 

CgHjoGg 

L32H22OJ1 , H2O 
^ 5 ^ 10^5 

. H .,0 

CgHj^Og - 

CgHjgOg 

Cj3Ho.>Oji . 2H,0 
CgHi^Og.H^O' 
^6^12^5 • 

GjsHgoOjj 
CjgHogOjj . 2H2O 

CisHjpAb-SH^O 

80 per cent, alcohol 
»> ») }} 

80 .. .. 

95 >j »> }> 

Methyl alcohol 

60 per cent, alcohol 

So „ „ 

20 ,, „ ,, 

80 „ „ „ 

Methyl alcohol 

1 80 per cent, alcohol 
80 „ „ 

40 >» JJ j, 

90 J, „ 

n >> JJ 

80 J J JJ JJ 

Methyl alcohol 

80 per cent, alcohol 
Absolute alcohol 

70 per cent, alcohol 

70 J, JJ 

50 „ ,j 

074 

3-2 

13*4 

1-8 

5*2 

i*i 

0*27 

4*0 

2*0 

0*85 

1*3 

4*9 

i*i 

5*4 

30 

2-4 

078 

076 

8*6 

8-2 

27 

37 

1*8 

x-4 1 

1*94 

4*7 

27*4 

4*2 

ii*i 

3*1 

0- 65 

4*5 

4*5 

1- 6 

3*0 

9*1 

2*4 

7*9 

4*75 

13*0 

4*4 

1*3 

9*5 

9-6 

6-2 

37 

1*8 

1*4 


structure of a- and -Glucose. 

The space position of the groups attached to carbon i is still 
somewhat of a vexed question : the formulae used here and now gener- 
aHy adopted are based on Boeseken’s observations regarding the 
effect of the constitution of hydroxy compounds on the electrical con 
di^tivity of bone acid solutions. In order that an alcohol may in- 

a tached to two neighbouring carbon atoms and situated in thf same 
plane and on the same side of the carbon chain : strong acids are then 
form^ fay fee combination of the hydroxy compound with boric acid 
Now the conductivity of o-glucose in presence of boric amd 
decreases during mutarotation as it is converted in oart intn i 
whilst i„ ths of the reverse 

eooductivity lakes place with the same velocity as the mutMM f “ 

showing the two phenomena to be related. A«ordins.|v i ' 
given the formula— ordingly a-glucose is 


H 


CHjOH . c 


OH 


H OH H H 
• C.C .C .C-, 
I H OH OH 


• 0 - 
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containing the hydroxyl groups attached to carbons i and 2 on the 
same side of the chain. 

This conclusion is not quite free from criticism as, when water is 
added to the oxonium ring, conditions are developed which may make 
the hydroxyl also in part responsible for the change in conductivity. 

Thus Irvine and Steel afford proof that when tetramethylglucose is 
dissolved in water it exists in the first place as a monohydric alcohol 
The marked increase in conductivity in the presence of boric acid, 
observed as mutarotation proceeds, shows that an additional hydroxyl 
group becomes attached to the sugar and this can only take place at 
the oxygen atom of the ring. The subsequent elimination of water 
may take place in either of two ways to generate the a- or / 9 -sugars. 
The final equilibrium is — 

a-form oxonium hydrate yS-form. 

It follows that Boeseken’s deductions cannot be accepted as final proof 
of the structure of a- and fi-glucose. The same criticism applies to 
the formulce for the glucosides suggested by Michaelis based on their 
acid dissociation constants. In this case Michaelis found for the dis- 
sociation constant of a-methylglucoside K = 1-97 x and for the 

/9-form K = 2*64 x an increase in acidity due to tlie separation 

of the two groups OH and OCH3. 

There is, however, other evidence in favour of the Boeseken formula. 
Thus Pictet, who has investigated the behaviour of glucose when 
heated, making the assumption that the hydroxyls are only able to 
react with one another, with the loss of the elements of water, when 
they both occur on the same side of the carbon chain, finds that the 
formula of a-glucose is compatible with its behaviour in yielding glu- 
cosan, to which an ethylene oxide structure is attributed for other reasons, 
whereas /9-glucose gives rise to laevo- or /9-glucosan of which the 
structure is known. It must, however, be remembered that the tem- 
perature of conversion is very high and that isomeric change might 
occur before dehydration. 

Armstrong originally deduced the formula for the a- and ^-gluco- 
sides from the consideration of the relative rates at which they were 
hydrolysed by acids. The /6-methylglucoside being the more easily 
hydrolysed was supposed to have the OCH3 group in closer proximity 
to the oxygen atom of the ring from which centre attack was postulated 
to proceed. The formula thus deduced was the opposite to Boeseken's 
which is now considered to be the much more probable. 

Boeseken and Convert have made measurements with the a- and 
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salt of the synthetical racemic acid : by reduction of their lactones, 
they were converted into d- and /-mannose and the complete synthesis 
of these hexoses accomplished To pass to ^-fructose it only remained 
to reduce the mannosone (identical with glucosone) formed from 
^/-mannose phenylosazone in the manner already described. 

The synthetical mannonic acids above mentioned are converted 
into the corresponding gluconic acids when heated with pyridine or 
quinoline (see p. 68), and it was only necessary to reduce these acids 
to obtain the corresponding glucoses. The stages of these syntheses 
are summarised in the chart below. 

Proceeding in this way Fischer effected the synthesis of the six 
hexoses derived from mannitol, and extended the methods to the 
synthesis of a number of isomeric hexoses which do not occur 
naturally. To-day, out of the sixteen isomeric aldohexoses possible, 
according to the Le Bel-Van’t Hoff theory, fourteen have been pre- 
pared synthetically. 


Acrolcindibrotnide Formaldehyde Glycerose Glycollic aldehyde 



I 

a-Acroscne 

d/'Fructose 



r Gluconic acid 
UGlucose 


^-Mannonic acid 


l-Mannose 


i£-Mannonic acid 


d'-Mannose 

I 

d-Glucosazone 

Glucosone 

d-Fructos€ 


d-Gluconic acid 
d'Gliicosf 
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Theoretically a simpler method of passing from fructose (a-acrose) 
to glucose and mannose is afforded by warming with alkali, when the 
isomeric transformations observed by Lobry de Bruyn take place. 
These are of particular interest in the case of sorbose, which is con- 
verted into galactose and tagatose. Sorbose belongs to the mannitol 
series, galactose to the duldtol series, so that this transformation 
connects the hexoses derived from the two alcohols and indirectly 
effects the complete synthesis of all the sugars derived from diilcltol. 

Before this transformation was discovered Fischer found it neces- 
sary to degrade gulonic acid to the pentose sugar xylose, transform 
this into the isomeric lyxose and combine lyxose with hydrogen 
cyanide to give galactonic acid. It was only in this somewhat round- 
about fashion that the complete synthesis of galactose and other 
hexoses derived from duldtol could be effected. 

Fischer regarded the other products of synthesis ^-acrose and 
formose as either allied to sorbose or containing a branched and not 
a straight chain of carbon atoms. Nef states that formose consists of 
hexoses and pentoses in equal proportions. 

By alkaline condensation of pure glyceraldehyde under conditions 
which would be unlikely to cause the aldose 5 ketose conversion 
(presence of O'l per cent, excess of baryta at the ordinary temperature). 
Schmitz has obtained a solid crystalline mixture of inactive hexoses. 
Recrystallisation from hot methyl alcohol separated this into dl- 
fructose(a-acrose),m.p. i29°-i30°, and (^//-sorbose, m.p. 162'’-! 63°, which 
represents jS-acrose. The appearance of the ketonic group in the sugar 
synthesis must take place at the triose stage and therefore, strictly 
speaking, the reaction is condensation of glyceraldehyde with dihy- 
droxyacetone and not auto-condensation of glyceraldehyde: limita- 
tions are thus imposed on the number of hexoses which can theoretically 
be produced. The mechanism of acrose formation is thus established 
with a considerable degree of certainty. 

Both glycollic aldehyde and dioxyacetone are produced when form- 
aldehyde is condensed by means of calcium carbonate, and H. and A. 
Euler have shown that a pentose, <^/-arabinoketose, is the main product 
of this polymerisation. It is derived from the condensation of gly- 
collic aldehyde and dihydroxyacetone— 

CH,(OH) . CHO + CO(Cn, . OHh - CHo(OH) . [CH . OH], . CO . CH,(OH) 
Arabinoketose has not yet been found among plant products. 


10 
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The Synthesis of Carbohydrates in the Plant.^ 

Though the primary facts of the photochemical assimilation by the 
green leaf may be regarded as definitely established the full explanation 
of the process is still outstanding. Priestley (i 77 i)> Ingenhouse (i 779 ) 
and Senebier (1788) established that green plants acquire their carbon 
from carbonic acid; De Saussure (1804), Boussingault (1861) showed 
that the volume of oxygen exhaled and that of carbon dioxide absorbed 
are approximately equal; Sachs in 1862 proved that the first visible 
product of the process is starch. Brown and Morris (1893) showed 
that the first sugar which could be identified is sucrose, an observation 
confirmed by Parkin (191 1), and Usher and Priestley (1906) found that 
formaldehyde is the first detectable compound of an aldehydic char- 
acter. Baeyer in 1870 advanced the hypothesis that formaldehyde 
formed by the reduction of carbon dioxide is the first product of 
assimilation : the aldehyde is considered to undergo polymerisation 
subsequently to carbohydrate. 

Although this hypothesis is generally accepted as a working basis 
two difficulties have always been experienced ; firstly all attempts to 
prove the presence of formaldehyde in the green parts of plants have 
led to inconclusive results, and secondly the experiments made to 
ascertain whether plants can utilise this aldehyde directly as a source 
of carbohydrates have indicated that it acts as a poison. 

However, more recent investigation now enables both questions 
to be answered in the affirmative. Usher and Priestley claim to have 
obtained from leaves, which had been killed by immersion in boiling 
water; after exposure to light, sufficient formaldehyde to be detected 
by the usual tests. Their work has been criticised by Ewart, Mameli 
and Pollacci, but it has been confirmed by Schryver, using Rimini’s 
test for for maldehyde of a brilliant magenta colour with 

phenylhydrazine hydrochloride, potassium ferricyanide and hydro- 
chloric acid). Schryver concludes that chlorophyll can form formal- 
dehyde directly, but that it rarely becomes sensible because it does not 
accumulate in the cell, since it is withdrawn to form sugars as fast as 
it is formed. 

Boussingault’s experiments have been latterly repeated by Will- 
statter and Stoll in a trustworthy manner, eliminating respiratory 
effects. They find the ‘‘ assimilatory quotient,” that is the ratio of 
carbon dioxide absorbed to oxygen liberated, to be unity whether the 

1 A fuU account of the historical side of the question has been given by Meldola in a 
prudential address to the Chemical Society in 1906. 
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temperature is 10° or 35° or whether the atmosphere is rich or deficient 
in carbon dioxide. 

Glycollic and glyceric aldehydes and dihydroxyacetone are all in- 
termediate stages in the laboratory synthesis of fructose from form- 
aldehyde, but there is no evidence of these being found among normal 
plant products. They have so far only been encountered as down- 
grade products of the action of certain bacteria on mannitol or glucose. 
Attempts to imitate in the laboratory the formation of formaldehyde 
from carbon dioxide and water, HjCOg + 2H20-9-CH20 + aH^Oo, 
have been numerous, but, if some controversial and very doubtful experi- 
ments be excepted, formic acid has been in all cases the sole product 
of the reduction. However, definite proof of the formation of formal- 
dehyde has been given by Fenton (1907), who has shown that it is 
formed when carbon dioxide is reduced by means of metallic magnesium. 

The photochemical synthesis of formaldehyde from carbon dioxide 
and water has been definitely achieved by Baly and Heilbron using 
ultra-violet light of very short wave-length (X = 200/1/1) : it is necessary 
to agitate the solution of carbon dioxide as otherwise the formaldehyde 
produced is polymerised as fast as it is formed. The light which 
is effective in causing polymerisation has a greater wave-length 
( \ = 2 go/i/x) and it is possible selectively to absorb these rays without 
interfering with the production of formaldehyde— for example, by 
means of paraldehyde, sodium phenoxide, ferric chloride, uranylnitrate, 
etc. Under suitable conditions it is possible to photosynthesise carbo- 
hydrates from carbon dioxide in one and the same vessel, though as 
the equilibrium lies very far over to the side of the carbon dioxide the 
amount of sugar formed is very small. 

The vital process however differs markedly from the above as the 
plant uses light of longer wave-length than SSO/i/i entirely comprised 
^j^bin the visible region of the spectrum, and there is little doubt that 
the synthesis in the plant is photocatalytic. Light of longer wave- 
length than 3SO/i/i is absorbed by the chlorophyll or carotin, and this 
energy is radiated at infra-red frequencies which are reabsorbed with 
the result that carbon dioxide forms successively formaldehyde and 
sugar. Baly and Heilbron have achieved this result using such sub- 
stances as malachite green, methylorange, /-nitrosodimethylaniline, 
colloidal uranium and ferric hydroxides, but they have not found a 
catalyst equal to chlorophyll in facilitating both stages of carbohydrate 
synthesis equally, i.e. the production of formaldehyde and of carbo- 
hydrate so that there is no free existence of formaldehyde as an inter- 
mediate product 

10 * 
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Brown and Morris, in 1893, working with the leaves of Tropaeolum, 
came to the unexpected conclusion that sucrose is the first sugar to 
be synthesised by the assimilatory processes. It functions in the first 
place as a temporary reserve material accumulating in the cell sap of 
the leaf parenchyma. As assimilation proceeds and the concentration 
of the cell sap exceeds a certain amount, which probably varies with 
the species of plant, starch is elaborated by the chloroplasts. This 
forms a more stable and permanent reserve material than the sucrose. 
Sucrose is translocated as glucose and fructose, starch as maltose, the 
latter process only taking place when the starvation of the cell has in- 
duced the dissolution of the starch by the leaf diastase. Fructose and 
glucose are the sugars which contribute most to the respiratory re- 
quirements of the leaf cell, glucose being more quickly used up than 
fructose. Probably a larger amount of fructose than of glucose passes 
out of the leaf into the stem in a given time. 

Parkin selected the leaves of the snowdrop {Galanthus nivalis) for 
investigation since this leaf does not form starch except in the guard 
cells of the stomata, though the bulb contains starch and inulin in 
abundance. Maltose was also proved to be absent from the leaf. 
His analyses confirm Brown and Morris that sucrose is the first sugar 
to appear and that the hexoses arise from it by inversion. Here again 
the quantity of fructose in the leaf is almost invariably in excess of that 
of glucose. The total quantity of the hexoses remains remarkably 
constant 

Although the weight of evidence is strongly in favour of the view 
that sucrose is the first sugar formed in photosynthesis, some observers 
hold that hexoses are to be regarded as the primary products, sucrose 
being formed later by synthesis either in the leaf or in the root 
Strakosch, for example, employing microchemical methods, concluded 
that glucose was the first sugar formed in the mesophyll of the 
leaf: his experimental work does not, however, carry conviction. 

A most careful study of the carbohydrates of the mangold leaf 
under actual normal conditions of growth was made by Davis, 
Daish and Sawyer in 1916, whose papers summarise the work in this 
very difficult field. The facts they bring forward confirm the view of 
Brown and Morris that sucrose is the primary sugar formed in the 
mesophyll of the leaf under the influence of the chlorophyll. It is 
transformed into hexoses in the veins, midribs and stalks, the pro- 
portion of hexoses increasing as the root is approached. It enters the 
root ashexose and is there reconverted into sucrose, remaining as such 
until required for the growth of the second season. Invertase is 
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entirely absent from the root, so that it is highly improbable that the 
synthetic change is effected by this enzyme. 

Starch is entirely absent from the leaf after the very earliest stages 
of growth and maltose is entirely absent at all stages and at all times. 
Pentoses only form a small proportion of the total sugars ; they are 

apparently formed from the he.xoses and appear to be precursors of 
the pentosans. 

Davis shows that the determination of glucose and fructose separ- 
ately in leaf extracts is rendered difficult by the presence of optically 
active impurities not precipitated by basic lead acetate : it is therefore 
premature to draw any conclusions from the proportion of apparent 
glucose or fructose in plant tissue as to whether either of these sugars 
is better adapted than the other to tissue formation or to respiration. 
Davis, however, considers that the two hexoses exist in the leaves and 
stalks as invert sugar and travel in nearly, if not e.xactly, equal pro- 
portions to the root. 

Davis has studied in a similar manner the fluctuations in the carbo- 
hydrates in the potato leaf. Here also the first sugar to develop is 
sucrose: its amount increases from sunrise up to 2 p.m. and then falls. 
Up to 2 P.M. there is very little fluctuation in the amount of starch. 
At 2 P.M. the hexoses (derived from sucrose by hydrolysis) begin to 
increase, soluble starch appears for the first time and its amount in- 
creases regularly up to a maximum at 6 P.M. Between this hour and 
midnight the amount of starch falls so that finally only a very small 
proportion is left (0*2 per cent.). The starch is apparently converted 
directly into glucose, the amount of which increases in the leaf. 
Maltose is invariably absent from the potato leaf and also from the 
leaves of other plants which form much starch in the leaf; apparently 
the leaf enzymes are able to degrade starch completely to glucose. 
Glucose is certainly in excess in the stalks of the potato, and the starch 
in the tuber is built up from this hexose. 

Assuming that Baeyer’s hypothesis is correct and that formaldehyde 
is the first product of the synthesis, two questions await an answer. 
Firstly, how is the condensation of the aldehyde caused; secondly, 
through what intermediate stages do the compounds pass ? 

The vital synthesis differs essentially from that carried out in the 
laboratory in affording optically active products. It might be sup- 
posed that the plant manufactures inactive racemic hexose and uses the 
laevo-isomerides for purposes which are still unknown. In spite of 
frequent search, however, it has never been possible to detect /-glucose 
or /-fructose in the leaves of plants, and the work of Brown and Morris 
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' some S per cent ; the difference is probably a question of cell per- 

meability. It is further of interest that some yeasts, when weakened 
by nitrogen starvation, are able to esterify phosphates in presence of 
; fructose but not with glucose. This is an indication that the proto- 

: plasm can grip the ketose structure more readily than the aldose 

structure and that the preparatory process in fermentation may be 
i concerned in the conversion of aldose into ketose, or far more probably 

i into a common enolic form, which is more^ easily formed from fructose 

! than from glucose. 

I In this connection it is common knowledge that fructose is usually 

i more easily or better utilised in the animal body than glucose, as, for 

j example, under diabetic conditions. 

! To-day’s knowledge enables it to be stated that the active forms 

of a sugar in metabolism are not the stable butylene oxide forms but 
» the 7 ring forms, whatever they may be, under acid and neutral con- 

]'| ditions and the open ring enolic form or even the very closely allied 

' I ^ aldehyde or ketone itself when the reaction is alkaline. The effect of 

1 I the addition of an aldehyde to a fermenting mixture of yeast juice and 

j ^ glucose in presence of a suitable amount of phosphate is greatly to 

diminish the time required for the attainment of the maximum rate 
I of fermentation : it is considered that the aldehyde acts as an acceptor 

for hydrogen, a conclusion supported by the fact that methylene blue 
I produces a similar effect. In an ordinary fermentation of glucose it 

I is probable that hydrolysis of hexose phosphate results in the for- 

J mation of fructose which in its turn yields a hydrogen acceptor and 

I ‘ , assists the increase in the rate of fermentation. Acetaldehyde and 

I / methylene blue are something like 50 times as effective as fructose in 

|i ' ^ accelerating the fermentation of glucose. In the presence of acetalde- 

|l ? hyde fructose is fermented more rapidly than glucose. 

I In view of the preceding there can be little doubt that one function 

f of phosphoric acid in the plant is in some way to modify the sugar as 

I in fermentation. Probably the intermediate product of the hydrolysis 

; ' of glucose phosphate is 7-glucose. 

I : According to Grey the fermentation of various carbohydrates and 

allied substances by bacteria is effected by a single set of enzymes the 
action of which is common to all such cases of fermentation. The 
first step in the alteration of a particular molecular structure may 
require a special enzyme to produce the common intermediate sub- 
stance but the subsequent changes are always similar, being due to 
, the action of the standard series of bacterial enzymes. 

In animal tissues glucose is converted by oxidation into lactic 
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acid with the intermediate formation of glyoxal. Glucosone, which 
may be regarded as a substituted glyoxal, remains unchanged, how- 
ever, in presence of a septic kidney tissue, proving that the enzyme 
can only affect the unchanged hexose (Levene). 

A further example of the influence of configuration on biochemical 
properties is afforded by the formation of the urease ferment by 
bacteria. Jacoby has shown that whilst if-giucose, ^/-galactose and 
d- and /-arabinose contribute to the formation of the ferment, 
(sf-mannose and rhamnose are inactive. In the active sugars the 
configuration 

OH H 

- C - C ~ CHO or its optical antipode 
H OH 

exists, whereas in the inactive sugars both hydroxyl groups are on the 
same side of the chain of carbon atoma 

By floating detached leaves, which have been deprived of their 
starch by keeping them in the dark, on nutrient solution it is possible 
to determine which substances can occasion the formation of starch. 
The application of this method to the carbohydrate alcohols affords an 
excellent illustration of the influence of configuration on the biological 
properties. Plants which normally contain alcohols can utilise these 
and also glycerol to form starch; thus the utilise mannitol, 

Lingustrum and Cheiranthus make use of duldtol. Treboux has shown 
that the Rosacece are able to produce starch from sorbitol, the production 
being more vigorous than from carbohydrates or from glycerol, but 
they are quite unable to utilise mannitol or dulcitol The leaves of 
Adonis vernalis are able to convert adonitol into starch but can make 
use of no other carbohydrate alcohols. 

The four polysaccharides, sucrose, gentianose, rafiinose and stach- 
yose may all be regarded as fructose derivatives of increasing com- 
plexity, The invertase of beer yeast eliminates fructose from all of 
them, the juice of Helix poinatia or of Astacus behaving similarly, 
though there is a difference in the degree of hydrolysis, sucrose being 
far the most readily attacked. The intestinal juice of the dog and 
that of certain invertebrates acts only on sucrose (Bierry). 

The digestive juice of snails is remarkable in its activity towards 
substituted lactose derivatives. Thus it hydrolyses lactose-osazone, 
aminoguanidine, semi-carbazone and carbamide to galactose and a 
derivative of glucose. In a similar manner it splits off galactose from 
derivatives of mannotriose (Bierry). 
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